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Dear Sir: 

In response to the Notification of Non-Compliant Appeal Brief, dated April 
28, 2008, applicants hereby submit a revised Evidence Appendix as required by 37 C.F.R. § 
41.37(c)(l)(ix), as follows: 

X. EVIDENCE APPENDIX 

A. EXHIBIT 1 - Koncz et al., "The Opine Synthase Genes Carried by Ti 

Plasmids Contain All Signals Necessary for Expression in 

Plants," EMBO J. 2(9): 1597-1603 (1983) 

• Introduced into the record by appellants on August 13, 

2004, and considered by the examiner in the office action 

dated October 29, 2004. 
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B. EXHIBIT 2 - U.S. Patent No. 5,034,322 to Rogers et al. 

• Discussed in appellants' Amendment Under 37 CFR § 
1.116, dated March 29, 2005, and considered by the 
examiner in the Advisory Action, dated April 20, 2005. 



EXHIBIT 3 - U.S. Patent No. 5,352,605 to Fraley et al. 

• Discussed in appellants' Amendment Under 37 CFR § 
1.116, dated March 29, 2005, and considered by the 
examiner in the Advisory Action, dated April 20, 2005. 



D. EXHIBIT 4 - U.S. Patent No. 5,850,015 to Bauer et al. 

• Relied upon and discussed in the Examiner's Answer, 
dated November 20, 2006. 

E. EXHIBIT 5 - U.S. Patent No. 6,174,717 to Beer et al. 

• Relied upon and discussed in the Examiner's Answer, 
dated November 20, 2006. 



F. EXHIBIT 6 - Tampakaki et al., "Elicitation of Hypersensitive Cell Death by 

Extracellularly Targeted HrpZp S ph Produced In Planta," 
Molecular Plant-Microbe Interactions 1 3 : 1 366- 1 374 (2000) 
• Relied upon and discussed in the Examiner's Answer, 
dated November 20, 2006. 



G. EXHIBIT 7 - Declaration of Zhong-Min Wei Under 37 C.F.R. § 1.132 

("Second Wei Declaration") 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 
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Gopalan et al., "Bacterial Genes Involved in the Elicitation of 
Hypersensitive Response and Pathogenesis," Plant Disease 
80:604-10(1996) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

I. EXHIBIT 9 - Bauer et al., "Erwinia chrysanthemi Harping : An Elicitor of 

the Hypersensitive Response that Contributes to Soft-Rot 
Pathogenesis," MPMI 8(4):484-9 1 ( 1 995) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

J. EXHIBIT 10 - Cui et al., "The RsmA" Mutants of Erwinia carotovora 

subsp. carotovora Strain Ecc71 Overexpress hrpNEcc and 
Elicit a Hypersensitive Reaction- like Response in Tobacco 
Leaves," MiW/9(7):565-73 (1996) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

K. EXHIBIT 11 - Ahmad et al., "Harpin Is Not Necessary for the Pathogenicity 

of Erwinia stewartii on Maize," 8th Intl. Cong. Molec. 
Plant-Microbe Inter. July 14-19, 1996 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

EXHIBIT 12 - Jock et al., "Molecular Differentiation of Erwinia 

amylovora Strains from North America and of Two Asian 
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Pear Pathogens by Analyses of PFGE Patterns and hrpN 
Genes," Environ. Microbiol 6(5):480-490 (2004) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

M. EXHIBIT 13 - Preston et al., "The HrpZ Proteins of Pseudomonas syringae 

pvs. syringae, glycinea, and tomato Are Encoded by an 
Operon Containing Yersinia ysc Homo logs and Elicit the 
Hypersensitive Response in Tomato but not Soybean," 
MPM/8(5):717-32 (1995) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

N. EXHIBIT 14 - Bonas, "hrp Genes of Phytopathogenic Bacteria," Current 

Topics in Microbiology and Immunology 192:79-98 (1994) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

O. EXHIBIT 15 - Alfano et al., "The Type III (Hrp) Secretion Pathway of Plant 

Pathogenic Bacteria: Trafficking Harpins, Avr Proteins, and 
Death," Journal of Bacteriology 179:5655-5662 (1997) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

Swanson et al., "Isolation of the hreX Gene Encoding the HR 
Elicitor Harpin (Xcp) from Xanthomonas campestris pv. 
pelargonii" Phytology 90:S75 (1999) 
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Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 



Q. EXHIBIT 17 - Bogdanove et al., "Unified Nomenclature for Broadly 

Conserved hrp Genes of Phytopathogenic Bacteria," Molec. 
Microbiol. 20:681-683 (1996) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 



R. EXHIBIT 18 - Wei et al, "Regulation of hrp Genes and Type III Protein 

Secretion in Erwinia amylovora by HrpX/HrpY, a Novel 
Two-Component System, and HrpS,"MPM7 13(11):1251- 
1262 (2000) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 



S. EXHIBIT 19 - Bonas, "Bacterial Home Goal by Harpins," Trends Microbiol 

2:1-2 (1994) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 



T. EXHIBIT 20 - WO 01/98501 to Fan et al. 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 



U. EXHIBIT 21 - Wei et al., "Harpin from Erwinia amylovora Induces Plant 

Resistance," Acta Horticulturae 41 1 :223-225 (1996) 
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V. EXHIBIT 22 
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-6- 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

Strobel et al., "Induction of Systemic Acquired Resistance in 
Cucumber by Pseudomonas syringae pv. syringae 61 
HrpZp ss Protein," Plant Journal 9(4):43 1-439 (1996) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

U.S. Patent Application Publication No. 2004/0073970 to 
Takakura et al. 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 

Lund et al., "A Plant Signal Sequence Enhances the 
Secretion of Bacterial ChiA in Transgenic Tobacco," Plant 
Mol. Biol. 18:47-53 (1992) 

• Introduced into the record by appellants on August 13, 
2004, and considered by the examiner in the office action 
dated October 29, 2004. 
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Also submitted herewith are copies of Exhibits 8-24 of the above revised 
Evidence Appendix. (Exhibits 1-7 were provided with the Appeal Brief submitted on 
January 28, 2008.) 

Respectfully submitted, 



Date: May 28, 2008 /Tate L. Tischner/ 

Tate L. Tischner 
Registration No. 56,048 

NIXON PEABODY LLP 
1100 Clinton Square 
Rochester, New York 14604 
Telephone: (585) 263-1363 
Facsimile: (585)263-1600 
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Bacterial Genes Involved in the 



Intensive molecular genetic studies un- 
dertaken in the past 10 years have started 
■to "solve many of the puzzles in the area of 
compatibility and incompatibility, between 
plants and . bacterial pathogens. These 
studies have provided answers to. some of 
the most fundamental questions in plant 
pathology; What bacterial genes are^ in- 
volved in the establishment of compatibil- 
ity or incompatibility between plants and 
necrogenic bacteria? What traits distin- 
guish plane-pathogenic bacteria from sap- 
rophytic bacteria.? Are these genes and 
. traits common in seemingly very diverse 
groups of plant-pathogenic bacteria, from 
sort-rot erwinias to. local lesion-forming 
pseudomonads? In this article* we will 
discuss some recent advances in under- 
standing the compatibility or incompati- 
bility between plants and necrogenic bac- 
teria (bacteria, that cause tissue necrosis}* 
The potential application of these advances 
to disease management will be addressed 
briefly, Interested readers should consult 
other recent reviews (6\S,4540) for a more 
technical discussion on this topic 

Plant-Bacteria interactions; 
Incompatible vs. Compatible 

Plant-pathogenic bacteria cause devas- 
tating diseases on many important crop 
plants. Some bacteria, such as Agrobacte- 
rium tumefadenSi cause tissue deformation 
(tumors) by altering hormone balance in 
infected plant tissues. Other bacteria cause 
wilt or soft rot by interfering with the 
function of the plant vascular system or by 
disintegrating plant tissues, respectively. 
Many pathovars of Pseudomonas syrwgaa 
and Xanthont&ias campestrh cause local 
lesions on various plant tissues, Disease 
symptoms caused by most plant-pathogenic 
bacteria involve plant cait death, In this 
article, only necrogenic bacteria will be 
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discussed Therefore, gall-forming A 
tumefaciens md other bacteria that do not 
cause necrosis will not be addressed, 

Plant-bacteria' interactions can be gen- 
erahy classified as compatible or incom-r 
patibie interactions. In a compatible inter- 
action, a susceptible host piant is infected 
by a virulent (or compatible) bacterium, 
Resulting in the muitiplicaUon and spread 
of the tausrium in infected plant tissues 
and the appearance of disease symptoms. 
In an incompatible interaction, an avirulent 
(or incompatible) bacterium attempts to 
infect a resistant host plant or a nonhost 
plant, wit the multiplication and spread of 
the bacterium are severely restricted. A 
hallmark of many incompatible interactions 
is [he occurrence of rapid piant cell death 
at or near the attempted infection site, a 
phenomenon known as the hypersensitive 
response (HR; 16,29), Thai is, although an 
avirulent bacterium is unable to cause 
■ typical spreading disease symptoms in a 
resistant host ornonhost plant, it is able to 
elicit localized plant cell death. The HR is 
associated with a wide array of defense 
responses that may inhibit further pathogen 
invasion, including synthesis of antimi- 
crobial compounds, induction of plant 
defense genes, and strengthening of the 
plant cell wall by rapid *crcss-Unking of 
cell wall components (10,32), 

Although a true ptot-pathogenic bacte- 
rium can elicit a dramatic plant response— 
either disease or resistance— in a healthy 
plant with the appropriate genetic back- 
pound, saprophytic bacteria or bacteria 
that are pathogenic on organisms other 
than higher plants are generally unable to 
initiate any iatmcuons-m plants. Of 1400 
known species of bacteria, only about 80 
species have been found to cause plant 
dUafc# (1) What are the features that 
disanguish ^art-pr^genLv bacteria from 
other types V ^cteria? Taxonomic differ- 
ences eiv£ no due to the differences in 
pathogwi^iy* &x example, Er^inia amy- 
hwra, s£s bacterium that causes fire blight, 
M taXijnoEaicftiry more closely related to the 
hurna-. paCiogens Escherichia eoli ano 
Y*nvJa spP- ; o another common plant 
ptt^r-u P. *ynA$a?. 



Genes Controlling 
Compatibility Between Plants 
and Bacteria 

In the early 1980s, a number of re~ 
searchers started to use transposon-medi- 
ated mutagenesis, a technique developed in 
the study of £1 colU to reveal bacterial 
genes that play important roles in various 
piant-bacteria interactions, A transposes is 
a mobile DH A element that can hop in and 
out of the bacterial chromosome. When a* 
transposon hops into a gene oh the 
chromosome, the gene is physically dis- 
rupted and cannot produce a functional , 
product (Fig. 1). If the gene happens to be 
important in plant-bacterial .interactions, 
tne mutant bacterium carrying the dis- 
rupted gene will show a defect in initiating 
normal plant-bacterial interactions. 

Using such a mutagenesis technique, 
Niepold et al. (35) and Undgren et al.-(33) 
identified clusters of bacterial genes, known 
as hrp (for pK and pathogenicity) genes, 
in the bean pathogens Pseudomonns 
syringa* pv. syringee and & pv, pkaseo- 
licola, respectively. Iransposon-induced 
mutations in hrp genes were found to 
abolish the ability of P syrzngaz to elicit 
the HR in aonhost plants or to. cause 
disease in host plants (33,35)/ hrp mutants 
behave very much like bacteria that have 
no apparent interactions with plants, such 
as E colt The identification of hrp genes 
suggested that the molecular mechanism(s) 
underlying bacterial pathogenicity and 
bacterial eiicita&cn of plant disease 
resistance may involve the same bacterial 
genes, 

hrp genes have been isolated from many 
plant-pathogenic bacteria and have been 
characterized most extensively from R s. 
pv. syringae, R a pv, phasettttcota, Pseu* 
gam&nas ^ktdc«arum (which causes wilt 
in many solanaceous plants), Ittxnihomonas 
campestris pv* vesicatoria (which causes 
bacterial spot on tomato and pepper), and 
£ amyhvora (6,8,45). isolation (cloning) 
of hrp genes was accomplished by insert- 
ing random genomic UNA fragments from 
a wild-type, plant-pathogenic bacterium into 
a cloning vector, followed by introduction of 
cloned DNA fragments into: /up mutants 
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(Fig. I). If a'ctoned DNA fragment carries 
a wild-type copy of the mutated hrp gene 
in an hrp mutant, st will produce a 
functional hrp gene product and therefore 
complement the mutated hrp gene located 
in the chromosome (Fig. 0- Surpnsmgly. 
the cloned hrp clusters from R j, pv 
jyrirtgfltf 61 and £ amylovora 321 enabled 
nonpathogens (e.g. £ «li or Pseudomoms 
fluorescent) to elicit the HR m plants 
(5J4) The functional cloning of these wo 
Hrp clysters in E c^i revealed that the 
minimum number, of genes required for 
elicifcation of the HK by plant-pathogemc 
bacteria is earned on a -DMA fragment 
about '25 to 30 kb in length, a very small 
portion of the bacterial genome (which is 
normally about 4,000 to iOQOJcb). 

DNA-DNA hybridization studies indi- 
cate that at least some hrp genes are simi- 
lar among iatrogenic bacteria belonging to 
different genera (R syringae, £* amyio- 
voro, Erwinia steward*, R solaimcearum, 
^ X. campesms) (31), Recent DNA 
sequence studies confirm that many hrp 
genes - cloned from diverse plant-patho- 
genic bacteria are homologous (23,46). 
Thus, hrp genes appear to be universal 
among diverse necrosis-causing, gram- 
negative bacterial pathogens of plants, 



Biochemical Functions 
of hrp Genes 

- The biochemical functions of hrp genes 
Have remained a puzzle until recently 
DNA sequencing has played a major roie 
in the determination of many hrp s$n= 
functions. As will be discussed, many 
genes have striking similarities with genea 
of known funcuon. Figure 2 shows the 
gene organization and likely functions ox 
hrp genes of R * pv- syringae. (23), There 
are at least 25 hrp genes in this bacterium. 
Based on DNA sequence similarity to other 
known genes and subsequent biochemical 
and molecular characterization, we now 
know that hrp genes have at least three 
biochemical functions: gene regulation, 
protein secretion, and production of 
elicitor proteins, 

t Gene regulation. It was discovered 
that hrp genes either are not expressed or 
are expressed at very low levels (ia, they 
make very low levels of protein products) 
when bacteria were grown in nutrient ^ca 
bacteriological media, whereas they ac 
highly expressed when bacteria are as uw 
intercellular space (apoplast) of plant tis- 
sues {25,37,41,46,4332*53), What condi- 
tions- In plant tissues induce the expression 
of hrp genes, and how do bacteria aetect 
these inducing conditions? Unlike viruses 
nematodes, and many fungi, piant-patho* 
■ genie bacteria do not invade Uving phrt 
cells. Therefore, signal exchanges between 
plant cells and bacteria must occur m tor 
through) the apoplast outside the plant ceu- 
A number of laboratories have observed 
that induction of R syringat hrp genes 
could be achieved by using artificial 



minimd! media lac&ng complex nitrogen 
nutrients, indicating that lack of ruitnents 
in the plant apoplast may be the signal for 
the induction of hrp genes (25,37,52,53). 
Specific compounds (e.g., sucrose and 
suifur-containing amino acids) present in 
the plant apoplast may also serve as signals 
for the induction of X c. pv, vesicatorta 
hrp genes (41). The induction of hrp genes 
in the nutrient- poor plant apoplast or in 
artificial minimal media indicates that hrp 
genes may be involved in bacterial 
nurrition in planta. 

How do bacteria sense the plant apoplast 
environment? It was found that at ieast 
three of the 25 hrp gene products are 
involved in detection of the apoplast envi- 
ronment by R syringae: hrpL hrpS, and 
hrpR (18,51; Fig- 2). The hrpS and hrpR 
are among "the first two hrp genes to be 
expressed once bacteria enter plant tissues 
(51,52). It has been hypothesized that the 
HrpS and HrpR proteins, once produced, 
bind to the "promoter" sequence of the 
hrpL gene to "promote" the production at 
the HrpL protein £5 1). Once the HrpL 
protein is produced, it activates promoters 
of other hrp genes and some bacterial 
avirulence (avr; genes, which determine 
gene-for-ieae interactions between bacte- 
ria and plants (25,26,38.40,51; Fig. 3). Not 
all bacterial avr genes are regulated by hrp 
genes (30), Interestingly, hrpS and hrpR 



wild-type 



are similar in sequence to a family of bac- 
terial proteins that regulate genes involved 
in diverse metabolic functions,' including 
genes involved in nutrient transport and 
metabolism (13,51). The sequence simi- 
larity of hrpS and hrpR with gene regula- 
tors involved in nutrition appears to sup- 
port the hypothesis that hrp genes are 
involved in bacterial nutrition in the nutri- 
ent-poor plant apoplast. This hypothesis is 
further supported by the observation "that 
the expression of hrp genes can be turned 
off by complex nitrogen sources, tricar- 
boxylic acid cycle intermediates, high 
osmolality, and neutral pH, some of which 
are characteristic of rich bacterial' media 
{25,37,41.46,52,53). 

An hrpS homolog has been found in a 
very different bacterium, amylevora "(S. 
V. Beer, personal communication)* In R 
s&lanacearwn* a different hrp gene {hrpB) 
was found to be involved in the detection- 
of the plant apoplast (15). Thus, different, 
bacteria may or may" not use the same 
mechanism to detect -the apparently similar 
environment in the plant apoplast, 
. 1 Protein secretion. One surprising 
finding from the sequence analysis of hrp 
genes was that many hrp genes show 
striking similarities to those involved in the 
secretion of proteinaceous virulence factors 
in human and animal pathogenic bacteria 
(12,17,22.39,46). Most plant-pathogenic 

hrp mutant 
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bacteria chat .cause necrosis arc grain- 
negative, that is* they have two cell 
membranes enveloping the cytoplasm. For 
any Sarge molecule (e.g., a protein) to go 
through a lipid membrane* a special secre- 
tion apparatus or channel composed ci 
many proteins must be assembled across 
both ceil membranes. Gram-negauve plant 
pathogenic bacteria are known to make 
several types of secretion apparatus. For 
example, Erwinia ckrysanzh^mi t a fcacts 
riurn that causes soft rot, makes one type o f 
secretion apparatus for proteases and 
another for plant cell wail-degrading en- 
zymes (2139). Both types of secretion 
apparatus are widely conserved among 
many other bacteria, including human 
pathogens such as £. colt and Pseudo* 
monas aeruginosa (21,39), The hrp genes 
were found to specify a third type of se- 
cretion apparatus, the Hrp secretion appa- 
ratus, which appears to be similar to tho 
one discovered in several human-patho- 
genic bacteria, including Yersinia spp. 
(12,17,22,39*46)* Interestingly, although 
the regulatory hrp genes in different bac-. 
teria may be different (hrpS, hrpR, and 
hrpL in R syringae versus hrpB in P sola- 
r^ceanan), most hrp genes involved in the 
assembly of the Hrp secretion apparatus 
are similar among diverse plant-pathogenic 
bacteria. This suggests that although 
different bacteria may detect the plant 
apopiast environment in their own unique 
ways, they nevertheless produce similar 
types of protein secretion apparatus. 

3. Production of eiidtor proteins. The 
discovery of the novel Hrp secretion appa- 



r^us raised an immediate question: What 
are tfte proteins that traverse it? Since hrp 
genes are essential for bacteria, both to 
elide the plant HR <md to cause disease, it 
was expected thai some of the proteins thai 
traverse the Hrp secretion apparatus may 
be eiicuors of plant HR and that others 
may be involved in. causing necrosis during 
pathogenesis. Wei et ±1. (47) first provided 
evidence that one of the £. antylovom hrp 
genes Zhrptf) encodes a ~ proteinic sous 
£u;»or (harping Harpin elicits HK xerosis 
wnen inj-eted \:aq tl z aooplnst of 
appropriate pfazt& (47). Aitbough no hrpN 
gene homolcg could be found in P. 
synr^z?, another . proteinaceous ' HR 
eiiciior {harpuipsj) was identified and was 
■sho^vn to be encoded by a different hrp 
gene, hrpl (2CJ35). Furthermore, harpin Pa 
the fani extracellular protein shown to 
iftijz&t T*i*i Cot secretion apparatus 
T20>, A rl^ir^ liacicriaj protein eticicor of the 
HF w&!s identified ;n P soianaccaruxi and 
was nzzitd PopAl (2}/The £ amytovora 
harpin, P. s. pv, syringae 61 harpin^ and 
R scianacearwn PopAl, although largeiy 
dissimilar in. primary sequences* share 
similar properties that may be important m 
their BR elicitor activides. They are all 
heat s'-abK glycine rich, and hydropfiiHw 
Homologi cf £. amytovcm harpin and P. s. 
pv, Amtigsv 61 harpin PS j have been 
idaati^sd m other pathogenic strains -that 
belong to the genus Erwinia and the 
spee'es P. zyringae, respectively (4,20), 
Thus, it :east thres proteins that traverse 
the rijo secretion apparatus of three 
diverse bacteria eiicit the HR, 



The Search f or Proteins 

that Traverse the Hrp Apparatus 

As mentioned earlier, bacterial mutants 
defective in the Hrp secretion apparatus are 
unable to elicit the HR in resistant plants 
and to cause disease insusceptible plants. 
The question is T how many proteins are 
secreted via the Hrp secretion apparatus? If 
harpins and Pop A are the only proteins that 
traverse the Hrp secretion apparatus, then 
nutations in the genes that make harpins 
and PopA would also eliminate the ability 
of bacteria to elicit the HR in resistant 
plants "and to cause disease in host plants. 
However, if there are other pathogenicity- 
or HR-reiated proteins secreted via the Hrp 
apparatus, mutations in only harpin- or 
FopA-encoding genes' would not com- 
pletely abolish the ability of bacteria to 
elicit the HR in resistant plants or to cause 
disease in host piants. Wei et al. (47) 
reported that mutations in the. gene coding - 
for .harpin of £ amyiovora destroyed the 
ability of the bacteria both lo trigger the 
HR in resistant nonhost tobacco and to 
cause disease in susceptible pear fruits. 
Mutations in the gene coding for harpin^ 
of £ ckrysanthemi prevented the bacter- 
ium from triggering die HR in the nonhost 
tobacco and reduced the ability of the 
bacterium to initiate disease lesions in host 
plants (4). In me case of harpin^ of R 
syringae, mutation analysis has " been 
complicated by the complex gene structure 
and organization surrounding the hrpZ 
gene. Conclusive data regarding the role of 
harpin ?M in plants syringae interactions 
are yet to be shown. PopAl was shown to 



Pseudomonas syringae hrp gene cluster 



hrmA 



1Kb 



hrpK L J 1 J3 J4 JS01U2UWOX 



GP ED C 8 2 A S Ry 



unknown function 




regulatory genes 
secretion genes 

genes encoding extracellular 
HR eiicitors 



Hrp secretion 
apparatus 



harpin Pss 
Avr proteins? 
other pathogenicity 
factors? 



, Fig* 2. hrp genes of Pseudomonas syringae Than* are at least 23 hrp genes {hrpA to hrpZ) In & syrmga*. hrpS r hrpfl, and hrpL (in 
y»llow) Art Involved in ine detection of the plant aooniast environment and in roe activation of ail other hrp genes, avr genes, and 
possibly other pathogenlcity-related genes. Most 3?*« r Ar> genes (In red) are involved in the assembly of the Krp secretion appara- 
tus in the bacteria* envelope, through which travel s newly discovered class of bacteria* virutenee/avirulence proteins (in green), 
including HrpZ. 
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t& dispensable for pathogenicity of P 
solanacearum Sn the susceptible host plant, 
tomato, or for HR eitcimtion in the nonhost 
plant, tobacco (2), indicating that there 
must be other HR-ehcitors and patho- 
genicity factors that traverse the Hrp 
secretion apparatus in this bacteri am. 
Further examination indicated that PopAl 
may function as art aviruience gene, me- 
diating gene-for-gene interaction in certain 
Petunia-/? sokavzceantm interactions (2*45). 
Thus* the Hrp secretion apparatus in each 
bacterium may secrete a different number 
of proteins. Identification of other proteins 
that traverse the Hrp secretion apparatus is 
now an active research area and is essenual 
for a complete understanding of Arp~rne» 
dated plant-bacterial interactions. 

Factors Modifying hrp 
Gene-Mediated Compatibility 

Two broad classes of bacterial genes 
may superimpose their functions on the hrp 
gene-mediated compatibility or incompat- 
ibility between plants and bacteria: avr 
genes and various virulence genes. The avr 
genes mediate genotype-specific incompal- 
Miry in resistant host plants- Virulence 
genes promote the production of disease 
symptoms and are usually needed for the 
rull virulence of bacteria. 

Bacterial avr Genes 

Flor .(1*4) formulated the gene-for-gene 
hypothesis in his work on flax-flax rust 
interactions. Flor hypothesized that the 
resistance of a given flax culuvar to a 
given fungal race is the result of the inter- 
action between a fungal avr gene and a 
corresponding flax resistance gene- There- 
fore* the interactions between the plant's - 
resistance genes and the pathogen's avr 
genes would limit the host range of the 
pathogen. Staskawicz et aL (44) first 
cloned an avr gene from a soybean bacte- 
rial pathogen. Pseudomonas syrmgae pv< 
glycmea, and showed that the cloned avr 
gene could convert virulent R s. pv, £iy- 
cinea strains that cause disease into a viru- 
lent strains that elicit the HR, in certain 
soybean cultivars carrying the correspond* 
sng resistance genes, thus validating the 
role of avr genes in controlling host range. 
Since then, numerous avr genes have been 
cloned from plant-pathogenic bacteria (27). 
Several plant resistance genes have also 
been cloned using molecular genetic 
approaches (e.g., 34,43), 

What is the relationship between the avr 
genes and hrp genes, both of which are 
involved in eliciting the HR? Several labo- 
ratories have observed that avr genes can- 
not trigger the genotype-specific HR in hrp 
mutants, i.e,, avr genes depend on 
functional hrp genes for expressing their 
phenotype (25*26,28,38,40). There are 
several ways of explaining such depend- 
ence (Fig. 4). One possibility is that Avr 
proteins are dependent on the Hrp secie* 
tion apparatus for secretion. Alternatively* 
Avr function requires a prior plant response 



elicited by the Arp-controlled extracellular 
factors (such as harpins). A third possi- 
bility is that Avr proteins, with no HR- 
eliciting activity by themselves, cause the 
cuitivar-specific HR by either covaientiy 
modifying Harpins of modulating the 
expression of harpins in a plant resistance 
gene-dependent manner yet to be understood 
Finally, it is also possible that Avr proteins 
are secreted directly into the plant cell with 
the help of harpins, assuming that receptors 
for Avr proteins, are inside the plant cell. 
Studies are being carried out to resolve 
these possibilities. 

Bacterial Virulence Factors 

The genetic diversity of plant-patho- 
genic bacteria is reflected in their ability to 
cause diverse disease symptoms ranging 
from soft rot to tissue necrosis to 
Wildfire/' These diverse disease symp- 
toms are likely the result of the action of 
several, sometimes unique* virulence fac- 
tors produced by a given bacterium in 
addition to fop-controlled pathogenicity 

■ ptent apoplast signals 



factors* For example, research from many 
laboratories has shown that toxin produc- 
tion plays an important rote in the forma- 
tion of chlorosis and necrosis (3,19,49). 
Extracellular polysaccharides may be in- 
volved in the formation of water-soaking 
lesions (11*23) and in the production of 
wilt symptoms by dogging the plant vas- 
cular system (9), Plant cell wall-degrading 
enzymes are responsible for tissue disinte- 
gration and the appearance of the soft-rot 
symptom (7), Plant hormones produced by 
plant-pathogenic bacteria are involved in 
the induction of tissue deformation (42). 

Both hrp genes and bacterial virulence 
factors are. necessary for disease symptom 
production, but what is the relationship 
between them? A logical relationship 
would be that Arp-controlied extracellular 
factors are involved in obtaining nutrients 
in early stages of pathogenesis, whereas 
other virulence factors drive the initial 
compatible stage into a fully compatible 
one, leading to the production of various 
disease symptoms. At least two lines of 



plant apoplast 



bacterial cell wail 



bacterial cytoplasm 



MrpR S hrpS 



■ step 1 (expression of hrpS and hrpR) 




step 2 (expression oihrpt) 



promoter 



step 3 (expression of 
all other hrp genes, 
avr genes, and other 
pathogenicity-related 
genes) 

Flo 3 Dtaoram of the signal transduction cascade In -the detection of the plant 
^taaTmSmiiwit by Pstudomonas syrlngae* The plant apoplast environment 

and hrpfl by a mechanism yet to be understood (step 1>. Th© HrpS and torpf* gene 
BroductsTS and IH^pactiveiy) bind tc and activate the promoter of the hrpL gene 
fiteo 2?The topi i^Mm h I" ^rn, binds to promoters of ether hrp genes, avr 

thVsVgenes, rasuNng In th* initiation of diverse plant-bacteria interactions (step 3), 
(Rifled from X!ao et ai. (51 ). 
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evidence seem to support this relationship. 
First, hrp genes are highly conserved 
among diverse plant-pathogenic bacteria* 
whereas virulence factors vary greatly 
among bacteria, Second, while mutations 
in the hrp gene completely abolish both 
bacterial pathogenicity and eiicitation of 
iht HR, mutations in virulence genes (e.g., 
toxin-production genes) often do not 
eliminate pathogenicity and have no effect 
pn bacterial eiicitation of the HR (3,19,49). 



hrp Gene Functions 

and Disease Management 

A major reason for. discovering bacterial 
and plant factors critical for bacterial 
pathogenesis and plant resistance is to 
develop novel and environmentally safe 
strategies for controlling plant diseases, 
The discovery that the Hrp secretion appa- 
ratus is .crucial to bacterial pathogenesis 
provides a foundation for designing novel 
chemicals and antibodies that would block 
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Fig. 4. Working models tor possible Interaction* Letwecti iitp ganes and avr gsnes* 
Modet 1; Avr signals (Avr proteins or trseir enzymatic p'sducts) are secreted through 
the Hrp secretion apparatus to eUctt the hypersensitive response (HR) end resistance. 
Model 2: Harpins and Avr signals modify each oiirar before int&racting with plant re* 
caflSpra* Avr signals may or may not fta stecreted via tra Hrp secretion apparatus. 
Model 3; Harp ins and Avr signals Interact with respective piaat receptors. P&r.t fa* 
sports* elicited fay harp Ins must precede pSant response elicited by Avr signals, Avr 
signals may or may not be secreted via the Hrp secretion apparatus. Mod** 4: Avr 
proteins are secreted into trie plant cell witn the help of harpins. Avr signals may or 
may not oe secreted via the Hrp secretion apparatus,. In models 1 to 3, receptors for 
Avr proteins are presumed to be on tfca plant cell surface. In mooel 4, receptors for 
Avr proteins are Inside the plant cell. 



the assembly of the Hrp secretion appara- 
tus or the passage of bacterial virulence 
proteins through it. Alternatively, suscep- 
tible crop plants could be genetically engi- 
neered with genes encoding proteinaceous 
HR dickers, such as harpins, under the 
control of plant promoters inducible by 
virulent pathogens. If this approach were 
success^, the HR or resistance would be 
triggered in otherwise compatible interac- 
tions. Limiting disease development 
.1 
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Mntants of the soft-rot pathogen Erwinm chrysanthemi 
EC16 that are deficient la the prod action of the pectatg 
lyase isozyme PelABCE can did! the hypersessitivg 
response (HR) in tobacco leaves. The hrpN&t gene was 
identified In a collection of cosmids carrying 51 chry* 
southern* hrp genes by its hybridization with the Erwinia 
amylovora hrpN&t gene, hrpN&k appears to be in a 
monoristronic operon, and It encodes a predicted protein 
of 340 amino acids that is gryrine-rich, lacking in cysteine* 
and highly similar to HrpN& in its C-tenninal haiL 
Escherichia coli DHSa cells expressing hrpN^ from the 
lac promoter of pBluescript II accumulated HrpN^ in 
inclusion bodies. The protein was readily purified from 
cell lysates carrying these indusion bodies by solubili* 
ration in 4 JS M gnanidlne-HCI and reprectpitation upon 
dialysis against dilute buffer. HrpN^j suspensions elidted 
a typical HR in tobacco leaves, and eiidtor activity was 
heat-stable. TnS-gvsAl mutations were introduced into 
the doned hrpN&k and then marker-exchanged into the 
genomes of K chrysanthemi strains AC4150 (wild type), 
CUCPB50O6 (ApelABCEX and CUCPB5030 (aptUBCE 
outDzzTuphoA}. hrpN^ ; : TnS-gusAl mutations in 
CUCFB5006 abolished the ability of the bacterium to 
elidt the HR In tobacco leaves unless complemented with 
an hrpNstk subclone* An hrpN&kZtTnS-gusAl mutation 
also reduced the ability of AC4150 to indte Infections in 
widoof chicory leaves, bat it did not reduce the size of le- 
sions that did develop. Purified HrpN^ and £ chry* 
southern strains CUCPBS006 and CUCPB5O30 elidted 
HR-like necrosis in leaves of tomato, pepper, African vio- 
let, petunia, and pelargonium, whereas hrpN m mutants 
did not KrpNse* thus appears to be the only HR eiidtor 
produced by E. chrysanthemi EC16, and it contributes to 
the pathogenicity of the bacterium in wit] oof chicory. 



The hypersensitive response (HR) is a rapid, localized ne- 
crosis that is associated with the active defense of plants 
against many pathogens (KLraiy 1980; Klement 1982). The 
HR elidted by bacteria is readily observed as a tissue collapse 
if high concentrations (£10 7 cells per milliliter) of a Hmited- 
host-range pathogen like Pseudomonas syringae or Envinia 
amylovora are infiltrated into leaves of nonhost plants (ne- 
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erosis occurs only m isolated plant cells at low levels of 
inoculum) (Klement 1963; Klement et aL 1964; Turner and 
Novacky 1974; Klement 1982), The capacities to click the 
HR in a nonhost and to be pathogenic in a host appear linked. 
As noted by Klement 0982), these pathogens also cause 
physiologically similar, albeit delayed, necroses in their inter- 
actions with compatible hosts. Furthermore* the ability to 
produce the HR or pathogenesis is dependent on a common 
set of genes, denoted hrp (Lindgien et aL 1986; Willis et cL 
1991). Consequently, the HR may hold clues to both the na* 
tare of plant defense and the basis for bacterial pathogenicity. 

The hrp genes are widespread in gram-negative plant patho- 
gens, where they are clustered; conserved* and in some cases 
interchangeable (Willis et aL 1991; Bonas 1994), Several hrp 
genes encode components of a protein secretion pathway 
similar to one used by Yersinia, Shigella, and Salmonella spjp. 
to secrete proteins essential in animal diseases {Van Gijscgem 
et aL 1993). In £ amylovora, f\ syringae, and P. solana- 
ccanm% hrp genes have been shown to control the production 
and secretion of glycine-rich protein elidtors of the HR (He 
ttaL 1993; Wei and Beer 1993: ArlaUlat 1994). 

The first of these proteins was discovered in £ amylovora 
Ea32i f a bacterium that caustes fire blight of rosaceous plants, 
and was designated harpin (Wei ttaL 1992)* Mutations in the 
encoding Arptf gene revealed that harpin is required for E. am- 
ylovora to elidt the HR in nonhost * ft *acco leaves and indte 
disease symptoms in highly susceptible pear fruit The P. 
sotanacearum G Mil 000 PopAI protein has similar physical 
properties and also elicits the HR in leaves of tobacco, which 
is not a host of that strain (Arlat et aL 1994). However, P. sol* 
anaccarum popA mutants still elidt the HR in tobacco and in- 
cite disease in tomato. Thus, the role of these glycine-rich HR 
elidtors can vary widely among gram-negative plant pathogens. 

£ chrysanthemi is unlike the bacterial pathogens that typi- 
cally elicit the HR because it has a wide host range, rapidly 
kills and macerates host tissues, and secretes several isozymes 
of the macerating enzyme pectate lyase (Pel) (B arras et aL 
1994). Nevertheless, PelABCE* and Our (pectic enzyme se- 
cretion pathway) mutants of £ chrysaruhemi EC16 cause a 
typical HR (Bauer et aL 1994), Furthermore* elicitatkm of the 
HR by £ chrysanthemi is dependent on an hrp gene that is 
conserved in £ amylovora and P. syringae and functions in 
the secretion of the £ amylovora harpin (Wei and Beer 1993; 
Bauer et aL 1994), Mutation of this gene significantly reduces 
the ability of £ chrysanthemi to incite lesions in susceptible 
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witloaf chicory leaves* These observations suggest that £ 
ckrysanthemi also produces a harpin. We report here the 
cloning, characterization, and mutagenesis of the £ 
chrysanthemi hrpN^ gene and an Investigation of the role of 
its product in plant interactions* 

RESULTS 

Molecular cloning of the £ chrysanthemi hrpN&k genel 

We previously isolated IS cosmids containing £ chrysan- 
zhtmi DNA sequences hybridizing with the R amyiovora hrp 
cluster (Bauer ct al 1 994). The partem of restriction fragments 
released from these cosmids indicated they all contained 
overlapping inserts from the same region of the £ chrysan- 
themi genome (data not shown). The cosmids were probed in 
colony blots with a O-kb Hindm fragment fronipCFF1084* 

1 MTCAGJ^CCAAATTATCCAW^ 

a J rr | cc £ IC 3^^ $ a a s s 

121 TtwcrrccAGCctecjrtwuu^^ 

L«SSVDKS**STi&Jtt-TSALT 



241 TCAJXAATCAACrCCCCCACT^^ 

KsaqtCQirqiiCAO.CASliLL 
$vr*see*ALSKitr0isAt.DD 

I I fi M I M t t t H I M J. » » * 

«X jtxt^cCCCAGCXACATCAC^^ 

H L « A s Q * T-<J CHK*AFCS<*V1I 

s^tssttciietfiQ* Hssrs.q 
p* \ cACCtqciSCACArnQi. 

711 A**T«C*C*Urr^ 

p»&PCMTCASHi>Kra<|AKCK 

90l T CAAAA&CC U ^tUAA ^ CATACaaXAAfA^^ 

IKtAVAC&TCIfTKl* t.acAe 

CAS t C X & AAVVC0K I A K It * *■ 

1Q21 CTMOTCaXAACCCCTCATMTCTCW 
CELAIIA** 



10U 4£E£gu£££XS2 



Fig. 1, DNA sequence of hrpN^ and predicted arafeo *cid sequence of 
its product Underlined ire the putative riboso me -binding site, N- 
tenninai amino acids confirmed by sequencing the product of pCPFZlTZ, 
and a potential rbo-indepeadent transcription tenrnnaior. The location 
and orientation of two Tn5-£«iAi insertions are also indicated and are 
numbered according 10 their location in the hrpN^ open reading frtt&e, 
Tbe accession number for hrpN is 



which contains the £ amyiovora hrpN gene (Wei et at 
1992% pCPF2157, one of the three cosmids hybridizing with 
the probe, was digested with several restriction enzymes, and 
the location of the hrpN&* gene in those fragments was deter* 
mined by probing a Southern blot with the & amyiovora 
HindUl fragment Two fragments, each containing the entire 
hrpNz* gene, were subdbned into different vectors: 
pCPP2142 contained an 83-kb Sail fragment in pUCH9 
(Vieira and Messing 1987), and pCPP2I41 contained a 3-1-kb 
?jrl fragment in pBluescript II SK(-) (Stratagenc, la JouX 

Sequence ofhrpN&k* 

The nucleotide sequence of a Z44±> region of pCPF214I 
encompassing hrpN^ was determined Tbe portion of that se- 
quence extending from die putative ribosome4nrxfing sits 
through the hrpN&k coding sequence to ft putative rho4adV 
pendent terminator is presented in Hgure L The typical ribo- 
some-binding site, consisting of GGAAA, was located eight 
bases upstream of the ATQ transtational initiation co dotL A 
consensus hrp promoter sequence of GGAACC(N)i€CACrCA 
(Bonas 1994) was found 97 bases upstream of the open 
reading frame (ORF), suggesting that hrpN** i* a 
monocistronic operou* hrpN&t codes for a predicted protein 
that has a molecular mass of 343 kDa, is rich in glycine 
(16*2%), and is lacking in cysteine. Comparison of tbe amino 
add sequences of the predicted krpN^ and hrpN&k products 
revealed extensive similarity, particularly in the Otenninal 
halves of the proteins (Fig* 2). The overall identity of the 
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Fig. 2, Prttfccted amino add sequences of the hrpH products HrpN^ 
(Ech) of Erwinia chrysanthemi and HrpN& (Ea) of £. amytoww* 
aligned by the Gap program of the Genetics Computer Croup Sequence 
Analysis Software Package (Devereanx « al. \9M). Two dots denote 
greater similarity than one dot 
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hrpN genes and proteins was 66.9 and 45.5%, as detcrrrdrsd 
totteSSlA Zd Gap algorithm .respectively (Dcvercau* 
<taL 1984; Pearson and Upman 1988). 
^ dtocdon of hrpHga transcription, the sue of the 
J^TTrnHuct. and the translation start site were con- 
*£dto SSSg *» 3.1-kb MI fragment from P CPP2157 
a clone with the fragment in pBluescnpt E 

SniTlEdi DH5a(pCPP2172) expressed hrpNstt torn 
£Sr£ promoter and produced high levels of a pocea 
with^Sed molecular rr^ of 36 kDa n sodmmdode- 
3 TsuTfate (SDS) polyaoylamide gels which »the 
dieted size ffig. 3). Furthermore, the 10 N-termraa! ammo 
E^lte3M&* determined by ^sequencing 

the predicted N termmus of HrpiW As «P«** ™" 
temdrial signal sequence for targeting to the general export 
SSwtKw was discernible in the HrpN^ sequence, and 
SLlEd no evidence of processing of the H tenmnus. 

"i^TSSSSS™^. were disrupted by 
■ a ^ntrifuged, most of the HrpN^ protein sedi- 
^J^fTSdeWs. However, soluble HrpN*» could 
rrS frtrn this Serial by treatment with 4.5 M guani- 
S Tsuggested that the protein formed inclusion 
S£ whichlould be exploited for purification. As detailed 
^.rillf and Methods, we found that HrpN&* repreapi- 
Se ^anidine-Ha was removed b, , dialyas 
^IfnstSte buffer. The HrpN m precipitate could be washed 
^ lin buffer, in which it formed a fine suspen- 

i'S^ISSriS gel analysis ******** 

roll free tvsates from E colt DH5a(pCFPZ17Zj ceus 
. g^'itturiSVrtani medium were infiltrated into tobacco 



leaves. Necrosis typical of ihc HR developed within 18 h« 
whereas leaf panels infiltrated with identically prepared 
iysaies of DH5a(pBluescript SK~) showed no response (data 
not shown). The suspension of purified HrpN^* at a concen- 
tration of 336 yg/ral also caused a necrotic response within 
18 h that was indistinguishable from thai causcd'by £. ch*T 
santhtmi CUCBP5030 or cell-free lysates from £ cell 
DH5a{pCPP2172) (Fig. 4). Tobacco plants vary in their sen- 
sitivity to harpins* and elicitation of the HR by HipN^ at 
lower concentrations was found to be variable. Consequently, 
a concentration of 336 |ig/ml was used in ail subsequent^- 
periments. The concentration of HrpHjy, that is soluble in 
apopiastic fluids is unknown, lb determine the heat stability 
of HrpN&a, the suspension of purified protein was incubated 
at 100° C for 15 nun and then infiltrated into a tobacco leaf. 
There was no apparent dirrumitios In its ability to elicit the 
HR (data not shown). These observations indicated that 
HrpNfc* is sufficient to account for the ability of E. chrysan- 
them to eHdt the HR in tobacco. 

hrpN&k mutants fail to elicit the HR in tobacco. 

£ cofi DH10B(pCFP2142) was mutagenized with Ta5- 
gusAl (Sharma and Signer 1990), Plasmid DNA was isolated 
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^ * * rfrtdcevi sulfate (SDS) polyacrylaraide gel of purified 

^^•Stou^i 12% r^acxylarnide gel and stained with Coo- 
^MtaTBte Urn ^/ mokculsr weight marker, (trudge 
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He. 4, Response of tobacco leaf tissue to purified Hq*W **** I***** 
waT mfiJtiated with » suspension of purified ftptfefttf i ^»«" 
of 336 ttg/mi in 5 mM rnorpholLnocthancsulfonic aod, pit 6 ^J™ff * 
was infiltrated with buffer alone. The tissue ia panel I collapsed 15 lif 
later: The leaf was photographed, 24 hr after infiltration, with a cross- 
polarized raisUlurniEiaior, which enhances black ami white visualization 
by mating necrotic desiccated areas that are typical of the hypersensi- 
tive response appear black. 



436 / Molecular pianHtoobe Interactions 



from 'kanamycin^rcsistant colonies and transformed into £ 
coti DHSo, with selection for kanamycin resistance. Plasmids 
containing TaS-gusAl were analyzed by restriction mapping. 
Two independent insertions in an 0,82-kb Clal fragment in- 
ternal to hrptf m were chosen for farther study. The precise 
location and orientation of these insertions was determined by 
using a primer that hybridizes to Tn5-gusAl DNA upstream 
of xusA to sequence into the disrupted £ chrysanthemi DNA 
CHe I)- E, coii DH5ofpCPF2142) cells carrying the Tn5- 
gusAI insertion at nucleotide 439 of the hrpN m ORF (with 
gusA and hrpN^ in the same orientation) produced dark blue 
colonies indicative of ^-glucuronidase activity on UA agar 
(Hanahan 1983) supplemented with 5-bromo-4-chIoro-3- 
indolyl p-D-glucuronide {data not shown). Whether gusA was 
expressed from an EL chrysanthemi promoter or the vector lac 
promoter was not determined The hrpN^439\it^S'gmAl 
and hrpN^546v.lTiS-gusAl mutations wOT^marto 
exchanged into the genome of E. chrysanihemt CUCFBSQQo 
(ApcUBCE) to produce mutants CUCPB5046 and CUCFB- 
5045, respectively. Neither of the hrpN&k mutants elicited a 
visible reaction in tobacco leaves (Fig* 5). 




E chrysanthemi hrpN&k mutations can be complemented 
in trans with hrpN m but not with hrpN^ * 

The presence of a typical rho-independent terminator just 
downstream of the hrpNs* ORF suggested that mutations in 
the gene would not have polar effects on any other genes and 
that the HR elicitation phenotype should be restored by an 
hrpN m subclone. Because pCPF2172 carried 2 kb of £L chry- 
santhemt DNA in addition to hrpN^t we constructed a pie- 
dse subclone of the gene for this purpose* Oligonucleotides 
were used to 'amplify the hrpN^ ORF by polymerase chain 
reaction and to introduce terminal Ncol and Xhol sites. The 
introduction of the restriction sites resulted in changing the 
second residue in the protein from glutamine to valine and 
adding a leucine and a glutamic add residue to the C termi- 
nus, The resulting DNA fragment was li gated Into Xhch and 
Ncol-digested pSE28Q, creating pCPP2174, in which hrpNm 
was under control of the vector roc promoter. £> chrysanthtmi 
CUCFB5045{pCFP2174) and CUCPB5046(pCPP2174) pos- 
sessed HR elicttor activity (Fig. 5). HR elicitor activity could 
also be restored to these mutants by pCPP2142 and 
pCPP2t72. but not by pCPP2141 (data not shown). Thus, the 
production of HrpN** is essential for elicitation of the HR by 
£ chrysanthemi CUCPB5006. ' 

The feasibility of testing the interchangeability of the hrpN 
genes of £ chrysanthemi and & amyiovora was supported by 
the observation that HR elicitatian activity could be restored 
to hrpN mutants in each species (£ chrysanthemi CUCPB- 
- 5045 and £ amyiovora Ea32iT5) by their respective hrpN* 
subclones (pCPP2142 and pCPP1084). pCPP2142 was used 
for this purpose because preliminary irnmunoblot experiments 
indicated that the level of hrpN^ expression by this plasmid, 
though relatively high, most closely approximated the ex- 
pression of the native hrpN gene in £ amyiovora. However 
despite good heterologous expression of the hrpN genes*- HR 
elicitation activity was not restored in either £ amyiovora 
Ea321T5(pCPF2142) or £ chrysanthcmityCPFlQW) (data 
not shown). Thus„ihe genes do not appear to be functionally 
interchangeable* ■ * 

£ chrysanihtmi hrpN^ mutants have a reduced ability 
to incite lesions in witloof chicory* 

' The hrpN^friTnS-gusAl mutation was markcr-exchanged 
into the genome of wild-type strain AC4150* The resulting 
mutant, CUCPB5Q49, was analyzed for its virulence in 
witloof chicory. Leaves were inoculated at small wounds with 



Table I. Effects of hrpN^ fnuauon on the ability of Erwinia efc/ysan- 
themi lo incite lesions on wilt oof chicory leaves 



Fie. 5, Tobacco leaf showing that Erwinia chryzaxthtmi hrpN mutants- 
do not elide the hypersetisitive response unless eompieroeottd w4 
hrpN* pCPP2174, Bacteria were suspended « a eoncentraooa of 3 x 10" 
cells per milliliter io 5 mM itwrphotinoethanesulfonic acid, pH 6 J, and 
infiltrated into a tobacco leaf. The leaf was photographed 24 hr Uterun^ 
dcr cross-polariied transillumination, as in Figure 4, I. £ chrysanthtmi 
OJCPB5006 frpetABCEX X CUCFB5045 i&petABCE M»5NI:: 
wSu dative of CUCPB5006); 3, CUCP»5045CpCPP2174>; < 
buffer alone; 5. CUCFB5046 {ApelABCE hrptf^^.TnS-gusAl de- 
rivative of CUCPB5006); 6, CUCPB5046(pCPP2t74). 



Strain 



Number of lesions 
per 20 Inoculations* 



Size oflestoitf 
[mm 1 , mean * SD)* 



AC4150 (wild type) 
CUCPB5049 

TnS-gusAt) 



16 



80*55 



89 ±42 



1 Each witloof chicory kaJf was inoculated at two equivalent sites with2 
x 10* baaeriai ceils: one site received the hrpN&n mutant, the other the 
parental wifd-rypc strain: lesions were indicated by browning and mac- 
eration around die site of inoculation. 

h Product of the length and width of the lesion. 

e Different from the wild-type strain {P < 0.05). as determined by the 
McNemar test (Conover 1980), 
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2 x 10* cells of mutant and wild-type strains, as previously 
described (Bauer et al WH).:HJ level "ooiium 
corresponded with the expenmcnttUy deterged ED*of to 
wild-type strain for the batch of eweory heads used. ap- 
proximate surface area of macerated lesions was determined 




Fit 6. AfncM violet l«v« showing rapid necrosi* ^^.^i^S 
!"u P,l-rl c fid«rt strains of £win«J cAryiam^mt Lkwo mb 
ind HtpNJd Pel-aeDcion «. *• , '.j milliliter 
. .-..J™;* bacteria it > concentration of 3 x lir «i« P" 

CUCPB5006). 



CUCPB5063 
derivative of 



72 h after inoculation. Thet mutations did not abolish the 
pathogenicity of £ c&ryja/iuAemi, but they signincantly re- 
duced the number of successful lesions (Table i); However, 
the hrpNt* mutation had no significant effect on the size of 
the lesions produced in successful infections. \ 

Elidtation of a rapid necrosis in several plants 
by E chrysanthemi is dependent on HrpNsa* 

To determine whether EL chrysanthemi could cause aa 
HrpN&*-dcpendent necrosis in plants other than tobacco, a 
variety of plants were infiltrated with purified HrpN&a or 
inoculated with Pel-deEciesnt E chrystmtktrni strains. The 
strains used were CUCPB50G6; its hrpN Eek S46x:Tn5-gusAl 
derivative, CUCPB5045; CUCPB5030 {bpelABCE, outDti 
InphoA); and its hipNg*546 i?Tn5-gusAl derivative, CUCPB- 
5063. The results for African violet are shown in Figure 6, 
and results for all plants are summarized is Table 2* Tbey 
yield several general observations, Plants responded cither to 
both isolated HrpN** aad hrpNU bacteria or to neither. 
Plants that responded to either treatment produced a non- 
macerated, HR-Uke necrosis that developed between 12 and 
24 h after infiltration. hrpS^ mutants failed to elicit a re- 
sponse in any of the plants. The out mutation had no apparent 
influence on the responses elicited in the plants tested* indi- 
cating that residual Pel isozymes or other proteins traveling 
the Out pathway were not involved in producing the HR-Uke 
necrosis. The results argue that HrpN&* is the only elscitor of 
the HR produced by E chrysanthemi 

DISCUSSION 

E chrysanthemi was found to produce a protein with many 
similarities to the harpin of E amytovorxL The two proteins 
share significant amino acid sequence identity* similar physi- 
cal properties, and the ability to elicit the HR in a variety of 
plants. Mutations in the hrpN m gene indicate that, as wimit. 
amylovora, harpin production is required for elidtadon ofthft 
HR. Furthermore, both harpins contribute to bacterial psatbo* 
genicity, albeit to different degrees. HrpN^ is essenual for E 
amylovora to produce symptoms in highly susceptible, im- 
mature pear fruit (Wei et & 1992), whereas HipH^ merely 
increases the frequency of successful E chrysanthemi infec- 
tions in susceptible witloof chicory leaves. Nevertheless, the 
finding that harpins play some role in the pathogenicity of 
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sucif disparate pathogens suggests that these proteins have * 
conserved and widespread taction in bacterial plant patho- 
genesis- We will consider below HrpN^ with regard to trie 
protein secretion pathways, extracellular violence proteins, 
and wide host range of E chrysanthemi 

£ chrysanthemi secretes proteins by multiple, independent 
pathways. Several protease isozymes are secreted by the Sec- 
independent (ABC-transporter, or Type I) pathway; pectic 
enzymes and ceUulase are secreted by the Sec^ependent 
(genera! secretion, or Type 0) pathway; and. HrpN** » W 
S be secreted by the Sec-independent Hrp (Type m) pa*way 
(Salmond 1994). The expectation that HrpN^ is secreted oy 
the Hrp pathway is supported by several lines of indirect evi- 
dence: 0) Hrp secretion pathway mutants have reveafcd that 
other members of this class of glyrine-rich. heat-stable else*- 
tor proteins— the £ amyiovom HrpN &t B synngae ,pv. w 
ringae BrpZ, and R 

creted by this pathway (He zt aL 1993; Wei 
Ariat^ct 1994); CD 

log of an £ amyiovom gene involved in HrpN* secrenon 
abolishes the ability of £ chrysanthemi to ehctt : the 
whereas mutation of the Out OVpe TJ) pathway of £ chry- 
santhemi does not abolish the HR; and (iiD HrpN^ appears 
to be the only HR elicitor produced by EL chrysanthemi {as 
discussed further below), suggesting that the effect of the pu- 

TabU 3. B acterial strains and plasmids used to this srody 



tative hrp secretion gene mutation is on HrpN^.Our attempts 
to directly demonstrate /trp-dependent secretion of HrpN^ 
have been thwarted by the apparent instability of the protein 
in £ chrysanthemi Using the cell fractionation and iramuno- 
blouing "procedures of He et aL (1993) and polyclonal and- 
HrpN^ antibodies that cross-react with HrpN^ CWei et aL 
1992), we have observed the'.presence of HrpNe* in the cell* 
bound fraction of £ chrysamhem (D. W, Bauer, unpub- 
lished). However, some culture preparations unexpectedly 
lad: the protein, and no preparations reveal accumulation of 
the protein in the culture supernatant fraction- u ;$ possible 
that HrpNcdb aggregates upon secretion and therefore precipi- 
tates from the medium. It is interesting that several of the 
Yersinia spp, Yap virulence proteins aggregate in the medium 
upon secretion via the Type HI pathway (Michiels el al 
1990). Similarly, HrpK^ has a propensity to form aggregates 
or to associate with an insoluble membrane fraction (Wei si 
aL 1991% 

It is significant that there is little difference in the plant in- 
teraction phenotypes of £ chrysanthemi mutants deficient in 
either HrpN^ or a putative component of the Hrp secretion 
pathway (Bauer et at 1994). Both mutations abolish the abil- 
ity of Pet-deficient strains to elicit the HR* and they both re- 
duce the frequency of successful infections incited by folly 
pectolytic strains in witloof chicory leaves without affecting 
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she size of the macerated lesions that do develop. This pattern 
contrasts with that observed in mutations affecting Pel iso- 
zymes and the Out pathway. Virulence, as measured by mac- 
eration. Is merely reduced by individual pel mutations, 
whereas it is abolished by out mutations. This is because mul- 
tiple Pel isozymes (and possibly other enzymes) contribute 
quantitatively to virulence, but all of the Pel isozymes appear 
to be dependent on the Out pathway for secretion from the 
bacterial celL The simplest interpretation of the observations 
with E chrysanthemi hrp mutants is that HrpN** is the only 
protein traveling the Hrp pathway that has a detectable effect 
on the interaction of E chrysanthemi ECS 6 with the plants 

The primacy of HrpN^ in the E chrysanthemi Hrp system 
is further supported by the observations that hrpN^ mutants 
failed to elicit necrosis in any of the several plants tested and ■ 
that all plants responding with apparent hypersensitivity 10 
HrpN^* strains also responded to isolated HrpN&*. Several 
of the plants sensitive to HrpN** are also susceptible to bac- 
terial soft rots. This is particularly significant for African vio- 
Set, whose interactions with E chrysanthemi have been exten- 
sively studied (Barms et aL 1994). Thus, HroN** elicits HR- 
like responses in plants that are susceptible to E chrysan- 
themt infections under appropriate environmental conditions. 
The significance of this for the wide host range of the bacte- 
rium requires further investigation, and virulence tests with 
krpN&k mutants and additional susceptible plants are needed 
to determine the genera! importance of HrpN** and the Hrp 
system in E chrysanthemt For example, our present data do 
not address the possibility that other proteins secreted by the 
Hrp pathway, which are not eiicitors of the HR in the plants 
we tested, may contribute to pathogenesis in hosts other than 

witloof chicory* , 

An important question is whether bacteria expressing het- 
erologous harpins will be altered in pathogenicity. The hrpN 
genes of E chrysanthemi and E amylovora are particularly 
attractive for experiments addressing this because of the simi- 
larity of the harpins and the dissimilarity of the diseases pro- 
duced by these bacteria. Unfortunately, attempts to restore the 
HR phenotype to E chrysanthemi and E amylovora hrpN 
mutants with heterologous hrpN* subclones failed. Since the 
hrpN genes m each subclone successfully complemented 
hrpN mutations in homologous bacteria and were expressed 
in heterologous bacteria, the problem is most likely the secre- 
tion of the harpins by heterologous Hrp systems. A similar 
problem has been encountered with heterologous secretion of 
Pel and celiulase via the Out pathway in E chrysanthemi and 
E carotovom, species that are more closely related to each 
other in this rather heterogeneous genus than E chrysanthemi 
and E amylovora are (He ef ci 1991; Py et ci 1991), 

In conclusion, two classes of proteins contribute to the 
pathogenicity of E chrysanthemi— a single harpin and a bat- 
tery of plant cell wait-degrading pectic enzymes. The obser- 
vation that such a highly pectolytic organism also produces a 
harpin suggests the fundamental importance of harpins in the 
pathogenicity of gram-negative bacteria. The observation that 
an HrpN m :iTn5-gusAI mutation reduced the ability of a 
folly pectolytic strain of E chrysanthemi to initiate lesions in 
susceptible chicory leaves, but did not reduce the size of le- 
sions that did develop, suggests that HrpN^ contributes spe- 
cifically to an early stage of pathogenesis. An attractive pos- 



sibility is that HrpN^ releases nutrients to the apopiast for 
bacterial nutrition before the pel genes are fully expressed 
(Collmer and Bauer 1994), Patterns of pel and hrpN^ ex- 
pression in plcnta will likely yield further clues to the role of 
the E chrysanthemi harpin in soft-rot pathogenesis, 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and culture conditions. 

Bacterial stains and plasrnids are listed in Table 3. E chry- 
santhemi was routinely grown in King's medium B (King ct 
aL 1954) at 30* C, E coll in LM medium (Hanahan 19S3) at 
37° C and E amylovora in Luria-Bertani medium at 28* 
30* C The following antibiotics were used in selective media 
in the amounts indicated (in pg/ml), except where noted: 
ampicillin (100), kanamycin <50) 3 spec&nomycm (50)* and 
streptomycin (25)* 

General DNA manipulations. 

Plasmid DNA manipulations, colony blotting* and Southern 
blot analyses were performed by standard techniques (Sam- 
brook et aL 1989). Deletions for sequencing were constructed 
with the Erase-a-Base kit {Promega, Madison, WI), Double* 
stranded DNA sequencing templates were prepared with Qia- 
gen Plasmid Mini Kits (Chatswordu CA). Sequencing was 
performed with the Sequenase Version 2 kit (UJ5. Biochemi- 
cal, Cleveland, OH). The Tn5-guiA/ insertion points were 
determined on an Automated DNA Sequencer (model 373 A, 
Applied Biosystems, Foster City, CA) by the Cornell Bio- 
technology Center, DNA sequences were analyzed with the 
Genetics Computer Group Sequence Analysis Software Pack- 
age (Devereaux et aL 1984). Comparison of HrpN** arid 
HrpN & by the Gap program was done with a gap weight of 
5.0 and a gap length weight of 0-3, Marker exclwnge 
mutagenesis was performed as previously described (Bauer et 
aL 1994). The oligonucleotide used to determine the location 
of TnS-gusAl insertions in hrpN&t was TGACCTGCAGCC- 
AAGCTTTCC The oligonucleotide used as the first primer to 
■ amplify the hrpH^ GRF and introduce an Ncol site at the 5' 
end of the gene was AGTACCATGGTIArrACGATCAAA- 
GCGCAC; the one used as the second primer to Introduce an 
Xhol site at the 3' end of die gene was AGAFCTCGAGGG- 
CGTTGGCCAGCTTACC. Primers were synthesized by Inte- 
grated DNA Technologies (Coralville, IA), 

Protein manipulations, 

HrpN** was purified from E call DH5a(pCPP2172) cul- 
tures grown at 30" C to stationary phase in 50 ml of Terrific 
Broth (Sambrook et al 1989) supplemented with ampicMn 
at a concentration of 200 ug/mt Cells were lysed by lyso- 
zyme treatment and sonication as previously described (Sim* 
brook et aL 1989). The iysate pellet was washed twice with 9 
vol of lysis buffer containing 0 5% Triton X-100 and 10 mM 
EBTA, pH 8.0, and OA rnM phenylmemylsulfonyl fluoride 
(PMSF); the lysate was re-harvested each time by centrifug*- 
tion at 12,000 x g for 15 min. The pellet was resuspended in 
2.0 ml of lysis buffer containing 04 mM PMSR dissolved by 
the addition of 2,5 ml of 8 M guanidine-HCI in lysis buffet; 
and then diluted with 5,0 ml of water, The protein, solution 
was dialyzed in SpectraPor #1 dialysis tubing against 2.0 
liters of 5 mM morpholinoethanesuifonic add (MES) t pH 6.5, 
containing 0,05 rnM PMSE The precipitate that formed dur- 
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ing dia!ysis-and the solution were cemrffliged for 15 min at" 
4300 x e The pellet was washed once with 10 ml of a solu- 
tion containing 5 mM MES, pH *5. and 0.1 mM PMSF and 
then resuspended in 2.0 ml of the same buffet. Protein con- 
centrations of homogeneous suspensions were determined 
following dissolution in the reagents of the dye-binding assay 
of Bradford (1976). Proteins in crude cell lysates or following 
purification were resolved by electrophoresis through an SDS 
12% polyacrylamide gel and visualized by staining with 
Coomassie Brilliant Blue R. The N-terminai sequence of pun- • 
fied HrpN M was determined at the Cornet! University Bio- 
technology Program Protein Analysis Facility. 

Plant assays. 

For HR assays, tobacco (Nicotiana tabacum L. cv. Xanini), 
tomato ILycopemcon esadtntum Mill, cv. Sweet 199). pep- 
nef (Capsicum anmium L. cv. Sweet Hunganan), African 
rtotofrUupaulia iorumtka H. WendL cv. Paris), petunia (ft- 
runia grandiflom Juss. cv. Blue Frost), pelargonium {Pelar- 
gonium hortomm Bailey), winter squash (Cucurbha maxima 
Duchesne), and zinnia (Zinnia tUgans Jacq.) plants were 
grown under greenhouse conditions or purchased at a local 
garden shop and then maintained in the laboratory at room 
Temperature, with incident daylight supplemented with i a 500- 
W halogen lamp. Witloof chicory (Cichorium mtybus L.) was 
purchased as "Belgian endive" heads from a «ocalsuper- 
market Bacterial inoculum was prepared and delivered as 
Piously described (Bauer et cL 1994). Bnefly to assay 
U-rot pathogenesis. 5 fil of inoculum was appUed m a smaH 
wound to detached chicory leaves; to assay for HR elscitaaon, 
inoculum was infiltrated with a needle-less plastic synnge 
into leaves on plants. 
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Addiiwmti jteywonis; depressed mutant, incompatible inter- 
actions, soft-rotting bacteria. • 

Many gram-negative phvtopathogenic bacteria, when in©- 
tmedtamanonhost plant such as tobacco, cause ocatoed 
neSsS generally known as the hypersensitive reachon (HR) 
SI Sovacky 1994). A typical HR U characterized 
K ^idTollapse of the leaf tissue followed by necrosis of 
Sensed area! Er.uua carotovora subsp ejjjjjom ^ 
many otter soft-rotting bacteria are unusual ffl that they do not 
SI a typical HR when infiltrated tobacco leaves The 
mSfflttof these bacteria to elicit the HR has been attnbutea 
oteprSucuon of pectolytic enzymes that are presumed to 
su^essTe HR- TtaMce* finding of Collmer and his asso- 
a mutant strain of E. chrysanxhend defiaentm the 

y^estof me major pectate ^J^Z^S^t 
the Dectolvtic parent, can elicit the HR (Bauer et aL, 1W4) is 
SSy Stent with this hypothesis. In fact, both geuettt 
anShemical data (Bauer et aL 1995) 
T^nmhemL Uke many other gram -hegative bacteria, pos- 
S^P^cludiig hrpN, which encodes an eUcitorof 
mfrS daU end fl* results of Southern blot hybndi- 
SontoKy td Beer (1992) support the idea mat soft- 
2SI EnS possess hrp genes, but a sustained expt«- 
T% hZ Tnesof these Erwirda species in incompatible 

^ have initiated studies to clarify the ^= ^^onrf 
the production of the HR and disease symptoms by £. caww- 
ti^bsp ca^von,. We previously reported that 
Tn5 Km insertion RsmA" mutant of E. carotovora subsp. 
I^rrd^pressed ;-^eHu^enzyme mjJJ 
tion and it is hypervimlent (Cnatteqee et aL 199 ^ Cuiet aL 
1995). A mutant of similar phenotype was aU « 
chemical mutagenesis. The data presented he« show dm 
A«e mutants elicit responses in tobacco leaves that are s.rm- 
f,l7il se in a typical HR and that they do not require the 
lar to those m a typica^ ^^^^^.^o^rax 
. ceU density sensing signal. ^^™™^ MonaUv QUr 
lactone (OHL to cause this r^acuon. AddmonaHj ^ our 
findings disclose the presence of a ^<^*^f™ 
»ene in E. carotovora subsp. carotoyora strain Bcc7 1 and 
£w that expression of this gene is negauveiy controlled by 
rsmA* 
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RESULTS 

RsmA* mutants ofE. carotovora subsp. carotovora eBdt 
responses in tobacco leaves that resemble the HEL 

Previously (ChaUerjee et aL 1995; CuietaL 1995), wc have 
described the isolation procedure as well as some of the char- 
acteristics of £ caro#v0ra subsp, camtowra strain AC5070, , 
the nuni*Tn5-Kin insertion RsrnA"" mutant (rsm « regulator of 
secondary metabolites). Since AC5070 overproduces pecfett 
lyases, polygalacturonases, protease, and celhnase, andishy- 
pervirulent, it was of interest to examine the responses ft could 
elicit in tobacco leaves, wherein wild-type & catxaavom 
subsp carotovora does not cause tissue necrosis in 24 to 43 
hr. As shown in Figure h cells of AC5070 infiltrated into to- 
bacco leaves produced symptoms similar to those caused by R 
syringw pv. pisU known to elicit the HF- The lowest concen- 
tration of AC5070 that elicited an HR-lDce response **s ar> 
proximately 2 x 10* cells/mL The visible symptoms, i*w m» 
ter soaking followed by tissue collapse, appeared within 34 h 
after the infiltration. By 24 h the inoculation sites developed 
necrosis, culminating in tissue desiccation. These responses, 
as in the typical HR, invariably remained confined to the area 
infiltrated with bacterial cells. Infiltration with cells ofl^smA* 
E. carotovora subsp. carotovora grown in Luria-Bextam O-B) 
agar did not produce visible lesions; however, after 5 to6*ays 
the infiltrated sites became chlorotic 

By ethyl methane sulfonate (EMS) mutagenesis af£. caro- 
tovora subsp, carotovora strain AC5006, we isolated a mu- 
tant, AC5041, that, like AC5070, overproduces P^c^Myises, 
polygalacturonases, protease, and ceUulase (Hg- 2). la addi- 




tion, the mutant is hypervirulent in that it caused more severe 
maceration in celery petioles than the parent RsmA* strain 
(Hg. 3), The derepressed mutant, AC5041, but not its parent 
strain, induced the HR-like response in tobacco leaves (data 
not shown). 

Prevention of the HR-like response. 

It has been reported that P, syringae pv. pisi prevents the 
HR when it is preinoculated in tobacco leaves at a lower con- 
centration (5 x 10 s ) and latex challenged with an HR-inducing 
concentration (5 x 10 6 ) at the same site (Novacky et aL 1973)* 
Similarly, we have noticed that prcinfiltration of tobacco 
leaves with AC5070 (10 s CFU/ral) prevented the appearance 
of water soaking and necrosis upon remoculation at the same 



Bjt. 1, Symptoms produced in tobacco leaves by S^y^jcmv^w 
l^JZLom AO047 and Jts fUmA- 

pensions containing about 2 x 10* CFUtoi were ^ te ^™ e ~* ^ 
PspL; and D T wau* Pictuns was taken 24 h after infiltration. 



A 



B 




Fig l Agarose plate assays for 1, pectate lyase (Pel); 1, polygalacturo- 
nase (Pen); 3, protease (Pit); auod 4, ceUulase (CeD activities of Erwinia 
caroiovora subsp. carowvom AC50G6 (A) and its RsmA" mutant 
AC504I (B)> Bacteria were grown in salts-yeast extract-glycerol me- 
dium to saturation. Culture supemanmts we diluted twofold in 10 iflM 
Trii-HC! (pH 7.0) buffer and 5 fit of the diluted samples were used for 
the Pel, Pch, and Cei assays. Thirty microliters of undiluted samples 
were used for the Pn assay. 
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CSS; 5. « *s£3S£ 

» inlubittheHR-Ife ^SSit^ 
oculanon (data not shown), and by 24 it production or « 
sponse was completely suppressed. 




sutap. can.w«>™ AC5O06 (*^ B k '^ wttl: injected into «ch 
inocolafioo site. Inoculated P^ ole *^ZuZ 




KsmA- mutants ofE. corotovora subsp enrotovom elicit 
S e HR-like response in the absence of the cell density 

sensing signal* QHL* t 

OHL and its structural analogs are required for the expres- 
sion of many phenotypes in different bacteria CFaqaa « at 
5m sS i« aL 1995; Swift et aL 1994). In E. conrtovon* 
subsp. cvowora, OHL controls cxti^Blar «^ pro- 
Sl pathogenicity, and production of the antibacterial aa- 
Snern (Bainton et aL. 1992,- Ch^eqee et aL 
• Sones etaL 1993; Rrbonen et at 1993yWe had pre*- 
ously demonstrated that coenzyme overt*r^c* and 
pathogenicity occurred in the absence of O^ m thc R^nA 
mutant, AC5070 (Cbatterjee et aL 1995). To find out if the 
could elicit the HR-like response .m the absence of 
S«U density sensing signaL we exarnined the responses 
^^bToiLdeficUnt derivatives of the RsmA strains. 

enlacing ohU* (previously designated as foiT) allele reqoirefi 
SSbi^nSesis, wim oW-Mudlbyt^rexch^ge^ 
. we had done with AC5070 Patter^ « j. ™ 
and AC5093, the derivtfives of AC5070 and AC5041, respec- 
^ el y don« produce- OHL, as indicated by the U» ^oasaay 
^tLn«et aL 1995; data not shown). Rgure 5 shows that 
S^AoSl eHcited reaction, m tcb^^ 
w ere very similar to those produced by the parent strains as 
well as by P. syringae pv. pisL 

The RsmA" mutants overwpress ftipWto, a locus pre- 
sumed to specify an elicitor of the HK. 
^cent smdte by S. V. Beer, A. Collmer, and their associ- 
Jf£££* 1 that hrpN genes of £ ^vom and £ 
S^oS encode elicters of the HR and raised the possi- 




by the RsmA" mutant of _ «» w» h , B , Pseu . 

Acsma Leaf ACS070c ; 

x tO* CFU/ml) « 24 h: J"S™ £ ^CFti/nd) at 0 h and challenged 
(,0» CFU/ml) at 0 te R AC5Q7Q (l£ ™^ tf CBW) « 0 » 

tion. 




F, g . 5. Bidden «^^^£^,:*ZZ^ 
by RsmA- mutants of Erwwa cawrovo™ ^^ ^ 

after infiltratJorL 
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349 



HrpK^ 



353 
336 
331 



Hrp». LSS- 356 
HrpN^ LANA 340 
HrpN fc VLMP 385 



f r * ■ vo/n subi carvicvara strain Ecctf I (HrpM^ with those of £ cftry 

ZSL S ISSfS-SSi. anuao odd p**. in each ^ 
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EnvWa species et ^998 Weed. Southern blot hy- 

Bd Beer 199% W««i ^^ditions vilh hrpN 
bridization under ^ e * te ^f ^uer et aL 1995) as the 

vor « subsp. camww™ ^^^f^th ^ fepN DNA 
quentiy, by screening ^jJJpL"* homologous 
of £ ^.^^^^r^l sconces are 
DNA were identified the carrespo s of the 

tentatively design "^J^g^SK* the fcpNDNA 

DNA segn,eat that spec^^yhy^ncu^ ^ 

Northern (RNA^ ^J^K UestrS Ecc71, the RsmA" 
RNA preparations from te «l type + parents to 

mutants, AC5041 and ^AOJTO, and a*^ ^ ^ . 
ascertain if hrpN^ «presswn * at ^ to a 

strains. Bacteria were ^ ™ for to tal RNAiso- 

f " Tn&SSSSS fragment of d* ^ 

ladon. A 700-bp ^f 1 ^"^ ^ 75 revealed the presence 
was used as the prot^The AC 5041. By contrast. 

Of UOO-base transcripts m A^J^ strains 71. 

We stStote that 
AC5006 A*-^ . were present in the mim-Tn5-Km 
levels of hrpNe* WW" P"^ ^.^^ mutant 
insertion rmrtant (AC5°J°) ^ difference. 

• (AC5041). % do "g g^^ l fecti ve RsmA win, a 
It is possible that AC5041 -^j^ insertion mutant 

^ ^^Sotl^rhowever, clear that 
SCES: SstantiaUy high* in AC5041 than - 
its RsmA" parent, AC5QQ6. 

^" ^ aUele ejection of the B***e - 

spoose and ^gK, doning and characterixa- 

Wehaveprevxoas^OTbed co^tavom 
don of the rsmA gene o * ca 1995). A to*- 

/^Kf attenuation of 

copy plasmid '^^^Sular enzyme production 
pathogenic^ ^ d ^^ f ^and E c. subsp. atnnp- 
» £ SeJS^opolysaccharide production 

(ica; represses pathogerua^, t~ ^ production, and 

ftageuum p«d**» b f /^/^ipresses extra- 
eUcitanon oftheKR by * .^Z^ m ^ £ camwvora 
cellular ^enzyme , andj ^^ff^^ Cut et aL 1995; 
subsp. «d Si iS In light of the large array of 
Mukherjee et aL l9 ^^ iml Jto g induction of the HR 
effects on f en ^ w ^^ wonhthile to examine the 
by E. amyla^ra, * ** Lj^ Bcitadon of the HMike re- 
effects of the D NA on ^ ^ pAKC 880 
sponsc by mutant* ^J^^sOTO and the con- 
we re transformed into _ a ^ Hg . 

struct* were ^.^3 ^070 carrying the etatag 



or AC5O70 carrying the RsmA* plasmid, pAKCSSG. These 
results indicate that multiple copies of rsmA suppresselicita- 
to of the HR-like response in tobacco leaves by AC5041 and 

A Sem analysis was conducted to determine tie effect of 
RsmA plasmid on hrpN^ transcription. The data- (Fig. 9) 
SSntoi high levels of topW*. transcripts were present m 
ceuTofACsKl and AC5070 containing the c oning vectt*. 
pCLim but the transcripts were not detected m cells carry- 
ing the rsmA plastuid, pAKC880. 

DISCUSSION 

We previously reported mat extracellular enzyme prodnc- 
tion as well as virulence are negatively regulated b) ^n* m 
TZZZ* subsp. carotovora (Chatterjee et al 1995", Cni^ 
5. 1995- Mukherjee et aL 1996a, 1996b). For exampte^e 
Sa cSon of rsmA by a transposon resulted in overprodnc- 
^ of ex^acellular enzymes and hypervkulence, MM« 
unite its parent, the RsmA" mutant did not require the eel 
derSy J^ing signal, OHL, for pathogenesis or extracelluto 
eSe ^uctioTto this report, we have shown that ttas 
Sa" mutant and an EMS-induced mutant of a similar phe- 
Srype Sdted the HR-like response in tobacco leaves, and 
S Ae eMtation of this reaction was also not depend^ 
uron OHL. Although we do not yet have direct evidence ftat 
MUtons in AC5041 and AC5O70 are m the same gene, 
"Ss possess sinular phenotyr^^ey^verp^ 
duce extracellular enzymes, they are h ^™f^ d ^ 
rfefidencv does not affect the expression of these traits. 
£SS £ Pl-nnd carrying ^\™*£g£££ 
ceBular enzyme production, pathogenicity, and the elicitanon 
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1+ 7. Nofihcn, (RNA) bh« -alys^ of ^^o'JXZ 
c^wora subsp. curowvor* stmins. Each Uu« |~-d ' {«£ 

Bft ^,^S047 (RsmA*); lane 3. AC5070 (RsmAl. 
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f mi like response by the mutants. Also, both the mu~ 
of the HR-lie respoos j ^ transcnpl 

tantt express ^^^05070 than in AC5041. As 

5£ ISfiZ 5£ ~ we — ^ classU 

fi 1h?foaoS^es of evidence singly 
The »«o™» ^cai HR (Goodman and Novacky 1994): 

HfnS^iJSSSid by . rapid 1****^ 
® , r,,r movement or water soaking), tissue collapse 
tivity (l*, water J^™*^ ^ affected areas were 
followed by cell ^^^^Lcterial cells; fui) these 
^itSSSSS* ^ the symptons devet- 
symptoms were ^ lS ™* bac terium known to elicit the 
SS^ilTKS (*) the response elicited Ij 
typical HR m ^ Dac "f Bre vious infiltration of a low 

AC5010 was J^g* 3 S similarly, prior inOcul* 
concen^f AC5070 rf ^ 

was with A^°^ ¥ 5 while AC5O70 and AC5041, their 
^nn^o* py. ^'f^^d-type strain possess hrpN^ se- 

pareDt St T^ It ^L<Z)X expression of bpfiS. b 
quences <f* s ™ presumably leading to the 

** low )- v sutJDO rt the idea that AC5070 and 



m tobacco leaves. We attribute the manifestation of this re- 
sponse with the mutants, but not vuth the parents, to the abil- 
ity 0 f the former to produce high constitutive levels of 
RrpNa*, an exoenzyme, or both. With regard to the possible 
role of exoemymes, it is perhaps significant that pecunases 
are known to generate elicitors of plant defense responses 
(Davis et at 19B4; Davis and Ausubel 19S9; Keen 1992). 
Furthermore, Palva et aL (1993) have documented the activa- 
tion of chitinases and glucanases in tobacco by exoenzyrae- 
producing strains of £ carotavora subsp. cavotovora but not 
by mutants deficient in exoenzyme production. Therefore, one 
could argue that pecunase overproduction by the RsmAT mu- 
tants may induce defense reactions that could culminate in an 
HR-ake response. The inability of the wild-type RsmA* & 
carotovora subsp. carotovora strain Ecc71 to elicit lids re- 
sponse could be attributed to the lack of extracellular enzyme 
production in a nonhost tissue, ie. in a tobacco leaf. How- 
ever the hypothesis implicating pectolytic enzymes as elici- 
tors 'of the HR is difficult to reconcile with the finding of 
Bauer et at. (1994) that only those mutants of K chrysanthenu 
that are deficient in major pectate lyases can elicit the HR. 
' In light of that finding and for the following reasons, we fa- 
vor the hypothesis that induction of the HR-UTce responseby 
the mutants may be due to the derepression of a gene encod- 
ing ^ dicta, such as HrpN M or HrpN^ CoUmer and asso- 






BHHBBBi^ . « *- _^«** #Yf Frwinia carotovoni subsp. carotovora AC5041 (panel 

- f» nh vD««a5itivc-ia« respond in tobacco leave, ^^^S b^^ob containing about 2 x 10* 
F * 8 :^S1S b)^^ J^plasmid PAKC880, *^clmW™*£ S 2 AC504I oa^pAKCSSO; C, water DAC504I 
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. _ ^,994. Bauer ctaL 1995) have discovaeda 
dates (Bauer et aL ^>»* HR in the soft-rotting bacte- 
gene specifying ^etoW •JJ^J^ ofHxp^ pre- 

sa*rf*mi hrytf m f, ,V ^mi-TtJ-Km induced RsmA 
Ecc71. We have fo "f d ^tdS Repressed mutant pos- 

scss a substantia ^"Zj^ me hrpHu. BNA- By 
script that ^^T^^ S.ct.ble in the RsmA* 
contrast, dns ^^fJ^Son of the W allele into the 

^^rSsS ^aSity to elicit **HR-Hta*^ 
cocutandy abobsbes » » j ^caption of AipM*, » 
These observations ^^J^tS derepn*^ is due to 
depressed to the f^f^^^ sincTthe genes fa 
the inactivatiom of ^-^ ^S depressed in He 
pectolync ^^^^Sn fte possibility that the 
RsmA- ^S^Ste tote hypersensitive 

pectolytic enzyme »ulda^ co s0ldses 
^sis of tobacco ^ its putahve ptod- 

teve been initiated to de^*rf^Son of & and to 
uct ate solely **^J*S? ^on in compafibk and 
cl-ify the namfeanons ^^XTsubsp. en*** 

12 3 4 



1100- 




r^Lra S ub S p. -""T^ STclolg vector. pCLlMO. 

Each k« coma«ed » » ** 2. AC507O 

carrying pAKCSSU- 



MATERIALS AND METHODS 

Bacterial strains and media. -u^ ■„ t»m* 1 f 

BaSrial strains and plasmids are described in Table 1. K 
Bactenai sB^- r ro unnely grown in 

carvtovora subsp. carotovoro 5ii . 1954^, 

LB and?. *yrm*« pin on King s B (King et aL iw*) 
llTedia ai 28 e C Minimal salts plus sucrose (0.2%) agar, 
SeTjlatin (NG) agar, polyg^n^ e ^ 
• ,L fPYAl and salts-yeast extract-glycerol (SYG) media Have 
wn^rS previously (Barras et aL 1987; Chatterjee 
So- STet al 1991). When required, antibioses were 
IS atSdicated concentrations in imcrograms per milh- . 
t^"Sn (Spc), 50; tetracyclineCTcX 10; Aapc* 
iTrAriiM and Kananrycm (Km), 50. The composition of 

tivities has been described in Chatterjee et aL (1995). 

Enzyme assay*. sam «ies for assays as well as the 

The preparation of enzyme samples ™ rBa ™ J , 
J^^rocXes were described previously <>*^*£ 
ml KjeeetaL 1995). The volumes of en^e samples 
IS inWsays axe indicated in the figure legends. 

Biolraninescence assay for OHL. n<59^ was 

The procedure described by Chatterjee et aL (1995) was 

foUowed, 

were obtained from Promega Biotech (Madison, W). . 

Isolation of RsmA* mutants. „* *r-;rr70 bv mini- 

The procedure used for the isolate J**™ A(5£l 
TnJ-KmlTbeen described (Cha^ee et aL^99^ AC5W1 
was isolated by EMS mutagenesis of ACS °*-^™f^f 
^ Si according to the P™^ 0 ^"^ 
t^ns \vtrc'incubatftd vaih EMS for a pen™ uh& 
^^s ^S^ su^ivaL The putative RsmA" mutants 
pelded less uan overproduce protease, eel- 

were identified by (Cnatterjee 
lulase, and pectolytic enzymes tn agar pia« v 

etaL^S). 

tmzed with MudI1734 following the P^^ oC ^Sc ^ 
11 n?841 Briefly, pAKC852 was transformed into the iy 
aL (198*). oncuj, f~ ptiti73*. The strain carrying 
sogemc Escherichia colt stnun ^^ 4 :^ n ' .T sale J ^ 
*- rihl* Dlasmid was heat-induced to lyse. Tia lysaie w» 
the Ohr piasmia w» ^ the Tc'Km' transductants 

vatc the «*r operons in pHV200L 

Constnicrionofbacte^^by^ex^ ^ 

The construction of -AUiW ™ . 10Q <x T n i<fv 
• A c3570, has-been described (^««^ ^pT^d 
late AC5093, the Ohr mutant ^1 the^asn^ 
(PAKC863) carrying motivated "**™J?! ^2013 
SdACSWI by means of the helper plasmid, P RK2013. 
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Transconjugants were selected on animal salts pto 

agar supplemented mth Km. Colonies that were 

tJced for the Ohi phenotype. AC5093 v,as selected for further 

studies* 

Plant tissue maceration, n*.^ 

The celery petiole assay was previously .^^JJ™ ' 
et aL 199l£ To* extent of tissue maceration was estimated 

visually. 

Infiltration of tobacco leaves. . _ rtV 

species .ere grc^onO •P'-JJ.jyjJ 

pi* was grown on King's B agar overrate at 28 C and ceUs 
Ce resided fa water. Strain P*«-* 
srowH on LB agar containing specanomycm and ceUs sas- 
PnLin a 50 ^ spectinornycin 

Mly expanded third and fourth leaves of about 8"^™ 
XS> L. cv. Samsun were infiltrated -"hbact^ 

2S s^eUons. Inoculated plants W ere incubated m a g^wft 
jLmZTri'C mth a U/tO h daylight regane 

with 2 x 10* CFU of AC5070 per ml or 5 x 10° CI-U at r. jy- 
ringae pv^MPspl per ml at desired intervals. 



Cloning olhrpN&e DNA and nucleotide sequence analysis. 

The genomic library of £ carotovora subsp, carotovora 
strain Ecc71 in pLARFS was screened by m situ colony hy- 
bridization with a 0.75-kb internal Clcl fragment of hrpN Nof 
£ chrysanihtnd (Bauer et ai. 1995), Two cosmids, pAKC921 
and pAKC921 that hybridized with the probe were isolated. 
The subclones (pAKC923 and pAKC924, Table 1) cairymg 

hrpN DN A were used for sequence analysis. 

Unidirectional 5' to 3' deletions of P AKC924 were mate 
and the overlapping deletions differing in size by approxi~ 
match 200 bp were used for sequence analysts wtffe the Se- 
quence System XX (U.S. Biochcmicals, Cleveland, OH). In 
addition, we used ougonucleotide pnmasto vcnfy ^dconv 
plete the sequence of hrpN^ with pAKC923 and pAKC924 
DNAs as templates. Alignment of protein sequences ; was ft* 
formed using the Genetics Computer Group, Inc. (Malum, 
WI) software program at the DHA Core faah^om^e 
versity of Missouri-Columbia campus and the POGEHE pro- 
gram OntelliGenedcs, Inc, Mountain View, CA), The se- 
ance of hrpN^ has been deposited at GenBank and has 
been assigned accession number L7S834* 

Northern blot analysis annmT i m9t .iv 
Bacterial cultures were grown to a value of approximately 
200 Klett units at 28*C in SYG medium with or without 



Tabic JU Bacterial strain* and plasmids 



Bac teria 

Ermnia cawwvora subsp, carotovora 
71 

AC5006 
AC5041 
AC5047 
AC5070 
AC5090 
AC5093 
Pseudomonas rynnga* pv. pt« 
Pspl 

Esdi^ndiifl coil 
DH5e 
HB101 
M8820 
P011734 
VJS533 

Plasmkis 
pAKCS52 
pAKCS63 
pAKCSSO 
pAKC92t 
pAKC922 
pAKCT3 
pAKC924 
pCL1920 

peppam 

pLAKP5 
P RK415 

pRJK2013 

pBluesaiptSK* ! 
pHV20Q 
P HV20QI 



Relevant characteristics* 



Reference or source 



Wild type 
Lac - " mutant of 71 
BiinA-, EMS mutant of AC5006 
NaT derivative of AC5006 ^ . . ^ „ 

n^-TnJ-Kn> mutant of ^ Hal 
Ohl" derivative of AC5070, RsmA , Knf . SpC . . tf , 

OUT derivative of AC5041, RsmA~, Knf 

Wild type 

MQlncZtMlS, 4h&?A*nn Vl&bsdRlTrtcAl endAl AM 
proAl lacYhsdS20(rir mST% rtcA56 rpzUO 

ornMhc^pwAS} rpsL $80k& Ml5 rtcA56 

oLAKFS containing hrpN^ from genonuc library of E«7 VTc 
ffi fra^cmof PAKC921 containing ^^2&S 
iXtotoM fragraem of pAK022 coating ^ fe eioi*ed mm pSR 

Spe* 

Tc* 
Te* 

Mob+Ti*\Ksr* 
w 

g^idj ita DHA in P BR32Z Ap r 
Fnnneshifi mutadon of Ire! m pHV200, Ap 



Zaok et aL 1984 
Murata et aL 1991 
This study 

Chanerjee et aL 1995 
Cbanerjee et aL 1995 
Chatterjeeetal. 1995 
Tbisffiry 

A.J.Novadcy 

BRL, Frederick, MD 
Zioketal. 1984 
Casdlhoetat 1984 
CasdlhoetaL 1984 
day *nd Greeuberg 1992 

ChattttjeeetaL 1995 
lids itady 
Cui«iL1995 
This study 
HiiSftudy 
Thii study 
Tb^ study 

Leniex and Inooye 1990 
Baoeretai- 1995 
KeeneiaL 1988 
Keen etaL 1988 
Figorski and HeUnsid 1979 
Straiagene, La 3oUa* CA 
Oray and Greenberg 1992 
Pearson et at 1 994 



* UucoTnmon abbieviadons: 
cations; rsmA » regulator 
ai, 1995). 



— ■ f .nHl- V-f3^xohexanoyl>L-homo5erioe lactone, designated 



as Hsi in our previous publi- 
a hrpN^ homolog (Bauex et 
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"SNA isolation and Nortfe- 
spectoomydn. The P^^^aaL (1991) and Liu 
em blot arsdys* ^cnW m ^ 
et aL (1993) were followed, a _t' 
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Molecular differentiation of Erwinia amyiovora strains 
from North America and of two Asian pear pathogens by 
analyses of PFGE patterns and hrpN genes 



S us arm e Jock and Klaus Geider* 

Max-Pfctnck-institut fur Zeffbiotogie, Rosenhot 
Ladenburg, Germany. 

Summary 

lit order to determine a possfcle genomic divergence 
of Erwinia amyiovora 'fruit tree' and raspberry strains 
from North America, several isolates were differenti- 
ated by puised-ffetd gel electrophoresis (PFGE) ana- 
lysis, the size of short DMA sequence repeats (SSfts) 
and the nucleotide and deduced amino acid 
sequences of their hrpN genes. By PFGE analysis 
European strains are highly related, whereas strains 
from North America were diverse and were further 
distinguished by the SSR numbers from plasmld 
pEA29,The £ amylovora strains from Europe showed 
identical HrpN sequences in contrast to the American 
isolates from fruft trees and raspberry. Those were 
related to each other, but distinguishable by their 
HrpN patterns. The Asian pear pathogens differed in 
HrpN among each other and from £. amyiovora. 
Erwinia pyrifoiiae isolates and the Erwinia strains 
from Japan were ordered via their HrpN sequences in 
agreement with the PFGE patterns. For all three 
pathogens, dendrograms from PFGE and sequence 
data indicate an evolutionary diversity within the spe- 
cfes in spite of a genetic conservation for parts of the 
hrpN genes suggesting a long persistence of the 
Asian pear pathogens fn Korea and Japan as well as 
of fire blight in North America. Some of the divergent 
American £. amyiovora isolates share PFGE patterns 
with the relatively uniform European strains. 

Introduction 

Fire blight of appie and pear fruit trees and raspberry as 
well as of other rosaceaous plants is assumed to have 
originated in the Eastern part of North America, from 

Received 28 October, 2003; accepted 9 December, 2003. 'For 
OGra&sponctencs ai the Ma*-FisncMnsiaut fur ZaSbfologte, c/o 
BBA f Schwabenheimer sir. 101, D-69221 Dossenhefm, -Germany. 
E-mail K,G&fder@bbaLde; Tel. (+48) 6221 86805 53; Fax 
(+49)6221 86805 15. 



where the disease might have been endemic for a long 
time, and was then distributed in the fast century to many 
countries of the Northern hemisphere and to New Zealand 
(Bonn ar>d van der Zwet, 2GQ0), In Korea, a bacterial 
disease of pears and its causative agent Erwinia pyrifoliae 
has been described (Rhtm et al, 199§K which was distin- 
guished from Erwinia amyiovora by molecular and micro- 
biological tools (Kirn &taL t 1999} and additional DNA 
sequences (McGhee etaL, 2002). Another disease, bae- 
teriaJ shoot blight of pear, was noticed on the island of 
Hokkaido in Jnpan (Beer et at, 1998} and the pathogen 
has been shown to be more related to E. pyrifofiae than 
to E. amyiovora {Kirn ei at. f 2001a). 

Erwinia amyiovora has been extensively investigated for 
many physiological, biochemical and molecular features 
(reviewed in Vanneste, 2000). Two main factors are a strict 
requirement for pathogenicity; the ability to produce the 
acidic exopoiysaccharide (EPS} amylovoran, encoded in 
the 17kb ams region of the chromosome (Bugert and 
Qoider, 1995) and to induce a hypersensitive response 
{HR} on non-host plants, encoded by the 30 kb hrp region 
(Kim and Beer, 2000). The large number of hrp genes is 
associated with regulation and transport of two eflcitor 
proteins, HrpN (harpin) {Wei etaL, 1992) and HrpW 
(Barny, 1995}. The adjacent dsp region with d$pA/E 
(Gaudnault et a/., 1997; Bogdanove efai, 1998) may con- 
tribute to harpin activity. Because mutagenesis of hrpN 
revealed residual HFMnducing activity of HrptvMragments, 
HrpN might not be strictly required as an intact protein 
(Sarny, 1995} and conservation of its sequence has not 
been strongly selected in mutational changes during evo- 
lution. Accordingly, its DNA and amino acid sequences 
could be open to changes without affecting bacterial 
fitness and may be useful for strain and species 
differentiation. 

Another molecular tool for differentiation of E amyh- 
vora and £ pyrifoiiae as well as the Erwinia strains from 
Japan is PFGE analysis (Zhang and Geider, 1997; Zhang 
etaL, 1998; Jock efat., 2002), Macrorestnctfon of the 
bacteria! genome revealed several closely related but dis- 
tinguishable pattern types for £ amyiovora which were 
used to follow spread of fire blight in Europe and in the 
Mediterranean region (Jock ef a/., 2002), Another method 
to distinguish £ amyiovora strains and the Erwinia strains 
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from Japan was determination of short sequence DMA 
repeats (SSR) in the PGR fragment amplified with primers 
P29A and P298 from the common £ amyfovora plasmid 
pEA29 (Kim and Geider, 1999), also applied to the Erwmia 
strains from Japan {Jock &taL 2003a). m contrast to E 
amyfouora strains from Europe and the Mediterranean 
region, heterogeneous PFGE patterns of American 
strains could indicate a long persistence of the pathogen 
m North America. Based on HrpN-sequenees, E pyrifo- 
iiae strains from Korea {Km et a/., 2001b) and pear-patho- 
genic Erwmia strains from Japan (Kim ei af, 20Gla) were 
also divergent Accordingly, macrorestriction and hrpN 
sequence analysis can be used for differentiation and 
grouping of strains within the three pathogens. 
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Results 

PFGE patterns of E. amyiovora strains isolated in North 
America from fruit trees and raspberry 

To estimate possible diversity of Erwmia amyhvom strains 
in North America, we collected a set of strains in several 
areas of Eastern Canada The samples were derived from 
fire blight-infected orchards with pear and apple trees 
located in Nova Scotia near Kentvilfe and in Ontario near 
Toronto as well as from hawthorn adjacent to the apple 
orchard in the Kentville area. After an Xba\ digest (Rg, 1 A t 
Table 1), the strains isolated from hawthorn and apple 
trees from KenfviNe carry the PFGE pattern Pt4 as found 
before (Jock etai, 2002) for strains isolated in England, 
Western France and Northern Spain, Strikingly, the strains 
from pears which are isolated in Nova Scofe in an orchard 
only 100 km apart from the apple orchard, had a different 
pattern, Another divergent pattern type was found for 
strains isolated in pear orchards of the Ontario region. The 
divergence or similarity of the investigated isolates can be 
deduced from the dendrogram in Rg. 1 B. 

An additional set of strains was isolated in Eastern 
Canada 1997 in the Kentville area of Nova Scotia. Strains 
from appie trees had the same pattern as the strains from 
hawthorn and appie isolated in 2000 {Table 1), Some 
shared the PFGE pattern with the European pattern types 
Ft1> others with Pt4, Most others were quite divergent in 
contrast to the closely related European pattern types. 

Remarkably, E. amytovora strains isolated in Europe 
and in the Mediterranean region have an identical PFGE 
pattern in an Spel digest except for one band shifted for 
strains of the Xba\ pattern type Pt3 (Zhang and Geider, 
1997}. In contrast, the strams from America were diver- 
gent in their Sp$ pattern (Fig, 2A), except strains EaCa4/ 
97 and EaCa6y97 with an identical Spei pattern, which 
were isolated in the same year and area. Three strains 
which were isolated in Eastern Canada from raspberry 
an alternative host for fire blight, differed in their PFGE 



0.05 



L3~EaKhl5/0G 
L4-EaKa7/G0 



L7-EaFRJ/98 



■ L6"EaTp7/G0 



L5-EaTp3/00 
L2-EaKp2/00 



Frg, 1, PFGE analysis of E amyfovors strains isolated to Canada 
after geriomic Xt&l digests. 

A. Lanes: M: I DNA marker (sizss at left m kb); 1; Ea1/79 (Ptl, 
standard pattern for central Europe): 2: EaKp2/D0; 3:EaKh15/0Q; 4; 
EafW/OQ; S\ EaTp3/G0: 6: £~&Tp7AK) fjsclatBs fcom Eastern Can- 
ada.); 7: EaFR1/98 [from Germany): Xfcal digests. 

B. Dendrogram from patterns in A. Bar t distance scale. 



patterns after Xba\ and Spei digests among each other 
and showed barely overlapping patterns with 'fruit tree 1 
strains (Fig. 2A f Table 1). The raspberry strain IL6 from 
lifmois ss more related to the fruit tree* &\ram Ea1/79 than 
the other rubus strains assayed. 

The sizes of SSRs of strains from a narrow region of 
Eastern Canada 

A more variable feature than PFQE patterns of the E 
amytovora genome is a DNA fragment from the common 
plasmid pEA29 with several short sequence DNA repeats 
{Kim and Geider, 1999; Jock etaL, 2003a). The SSR 
numbers are not related to the PFGE patterns, enabling 
differentiation of strains with the same pattern by SSR 
numbers. Rarefy, the SSR numbers differ for strams iso- 
lated from plants m the same region. Nevertheless, strains 
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Tabte 1, Bacteria used in the experiments. 



Strain 



De^cnpiion of isolation (plani f place, year, prcviefer} 



E am/hvQm simms 

£aCa1/G0 

EaGa4/&7 

£aCa6/97 

EaCaH© 

EaCaH$ 

EaCaU 

EaCaS16 

EaOa3£3 

E&CaSS 

EaCaViS 

EaCaVIB 

EaCaVS 

EaCaW2E 

£aCaW3 

EaKa&'OG 

EaKa7/GG 

EaKaEW 

EaKaS/00 

EaKaiO/OO 

EaKh14/G0 

EaKhl5/oo 

EaKh17/00 

EaKfcl/DQ 

EaKp5/00 
EaTp3/oa 

EaTp7/00 

EaTp£/00 

EaTpKMJO 

EaTp12/00 

EaTpyrS/ao 



from Canacia (fruit tree) 

pear (R cotmnrnf^, Annapc&$ Valtey/Nova Scotia, 2000, G. Braun 

appte £Af. tforrwBticah Amapaiis V&ley/Nova Scotia, 199?, 0. Braun 

apple, Annapolis Valley/Nova Scotia, 1997, G, Braun 

Harrow, D. Humer 

Harrow^ D. Hunter 

London, D, Hunter 

Simcoe, D. Humer 

Simeon* D. Hunter 

Simcoa, D. Huntor 

Niagara, 0. Hunter 

Niagara, D. Hunter 

Niagara, D, Hunter 

Wantowth counlry/Hamtta, D. Hunter 

Wentowih oountry/Hamifton, D. Hunter 

appte cfom&s&CB}, KentvNfe, this work 

apple, KentvitWNova Scotia, 2000. this work 

appte t Keniv$#/N(>va Scotia, 2000, this work 

eppia, Kantvilla/Nova Scotia, 2000* mis work 

apple, Kemvifle/Nova Scotia, 20GG, this work 

hawthorn (Crataegus ap,}, Kentv^te/Nova Scotia, 20GG T this work 

hawthorn {Crataegus sp.). KemtvilJe/Noya Scotia, £000, this work 

hawthof n, Kentvilfe/Nova Scotia, 2000. this work 

pear {P. communis), Kentvilie/Nova Scotia, 2000, this work 

pear {& communfe}, KemviHe/Nova Scotia, 2Q0CK !hi& worN 

pear (P communis}, Kentvifle/Nova Scotia, 2000, this work 

pear {R cotTwnunltf, Niagara Falte/0ntario T 2000, this work 

pear (P communis}, Niagara Faii^Ontario* 2G00 f thfs work 

pear {R commtffVs), Niagara Fatte/Om&rfo, 200D t this work 

pear {R communis), Niagara Falis/Omafio, 20QO, this work 

pear Q&mmoni$)> Niagara Fails/Ontario. 2000, this work 

Asian pear {P. pyrifalm), Niagara F&ns/Ontsfta 2000, ttiis work 



£. amy/ow/a utmiRS from USA {fruit tree) 

&A1 8 apple, California, A. Jones 

CA263 appla or pear, California, A- Jonas 

CA3R appla, California^ A, Jones 

£*36 pear, Washington, A. Janes 

1 0 appie, Michigan, A, Jones 

Ha153 U8A f LPusey 

£aU&$6 appfa, Utah, 1996 {Bsreswlfi etal., 

EL01 A, Jones 

FS93-5 pear, Idaho. A. Jones 

^3-1 Indian hawthorn, Louisiana, A, Jones 

M 196 pear, Washington A, Jones 

LA029 pear, Washington, A. Jones 

IA033 pear, Washington, A. Jones 

tPtOO apple, Washington, A. Jones 

OR1 paar t Oregon, A. Jones 

pear, Oregon, A. Jones 

UTRJ2 appia, Utah, A. Jonas 

WSDA14 appie, Washington, A. Jones 

WSDA34 apple, Washington, A. Jonas 

£ arnyhvom strains from raspberry {isolated in North Amefica) 

EaCa1« ragpoerry {Fhtixjs itfeu$) t Annapolis Vaiiey + Hovb. Scotia 

EaCa1/98 raepbenry, Botictauctw, Mow Brunswick 

EaCa&96 ra^pb^rry, SouctotK;he t Mew Brunswick 

EaMR1 raspberry, Michio^n 

EaHKK3 rasptjerry, Michigan 

EaRUBT mspderry (Bereswii! efa/, 1998} 

mspfcerry, l^nois 

E amykwora strains from Europe (Jock etaf.* 2002) 

CFBP1430 Crafasgus ep., Franca, J.-R Pauiin 

Ea1/79 Cotoneaster sp., Germany, 1979 

H comrm/n7$ Toulouse (Franca), 19S4 
c saficmtf^ Austria, 1993, M. Keck 
£a32t CFSP1367, Cmi^us^ France, via & ter 

EaFFi3/98 Cotorjeasler, sp t Froibufg tGermany) 



PFGE pattorn 4 



A (d) 

8/P14 (a) 

B/P?4 (a) 

B/P14 

PI1 

B/P14 

Pt1 

Pft 

Ptl 

By 

8z 

Bx 

Ptt 

R>Pt4 

8/Pt4 

B/Pt4 



8/Pt4 
B/R4 
A 
A 



C 
D 



£ 
E 
F 
E 

B/Pt4 
Ptl 

8/R4 

L; 

0 

E 

E 

E 

E 

E 

B/PI4 

S/PE4 
E 



K 
J 

r 



F*3a 
Ptl (a) 

Ptt 

Pt1S 
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Strain Description of fsofafen fpfarrt, place, year, provider) PFGB pattern" 



EaUK2/9S hawthorn, Ksnt (UK), 1998 Pil 

F1573 GolonG&ter sp M Dorset (UK) f t995 t A. Aspifn Ft4 

E pyrifoffae drains 1rorn Korea (Kfm ef a/., 2001b) 

Epl/96 Asian pear {F)W3 pyrifcfta}, Sou\h Korea, W9B PtA 

Ep4#? Asian pear (ft pyrifotta) South Korea, 1 996 P18 

Ep28/§8 Asian pear (Rpyn'htm), South Korea, 1996 PtC 

Ep31/9$ Asian pear <P pyfffb£a}> South Korea, 1996 PC 

Ep1 02/98 Asian pear (f?py/»ia), South Korea, 1998 PtA 

Erwina strains from Japan {Kim efa/., 2001a) 

Ejp546 Asian pear <R pyrifolis}, Hokkaido, 1979. A, Tanii osher 

Ejp547 ft Asian pear pyrifotis), Hokkafdo. 1373, A, Tanil PUp1 

EjpSSS Asian pear (R pyrifoiia), Hokkakk>, 1994. A. Tanil other 

£jp557 Asian pear (R pyfifcfia), Hokkaido, 1994, A. Tan£ PtJpl 

E]p562 Asfen pear (R pyrifo!^ Hokkaido, 1994, A. Tanf! PUpl 

Ejp6l7 Asian pear (R pyrMsi), Hokkaido, 1996, R. Roberts ether 



a. Utters A to K refer 1o Ihe pattern of Xba\ diesis, as lor PU to Fi4 and PtJpl ; highly related pattern are listed with 7, similar patterns with a 
tower .case Setter added to £he ma?n type in upper case, {a to e) in this column refer to Spei-digests oi genomic ONA as for PlA, PtB and PtC of 
& pyrihti&& % not assayed. 

b, Previously namad Ejp646a derived from a culture obtained w*th £jp546. 



from a narrow area in Nova Scotia were not identical in 
SSRs displaying numbers of 5, 7, or 9 {Fig. 3, Table 2), 
These data suggest independent changes of B. amylo- 
vora populations for S3FT in particular, a strain (EaTp12/ 
00) isolated from a pear tree in the neighbourhood of the 
orchard, where other strains listed in Table 2, had been 
isolated, showed a divergent SSR number. 

Sequence analysis of the hrpN genes of £. amylovora 
frtr/f tree' and raspberry strains 

The hrpN genes from several £. amyiovora 'fruit tree' 
strains with divergent PFGE patterns and from three rasp- 
berry strains were cloned by PGR amplification. The Euro- 
pean fruit tree' strains Ea1/Y9, CFBP1430, Ea321 
{nucleotide sequence from data library), Ea9-3, P1573 or 
EaFR3/97 with pattern Ptt , Pt3 (2x) t P14 or Pt1 A, respec- 
tively, showed almost identical nucleotide sequences for 
their hrpN genes with differences of not more than one 
nucleotide. On the other hand, the American raspberry 
strains could be distinguished by their HrpN sequences 
from 'fruit tree' strains from North America. Three motifs 
in the N-terrninai pari are typical for rubus strains and can 
even be considered diagnostic for their distinction from 
fruit tree' strains (Fig,3A, boxes), in addition, the rubus 
strain Ea€A1/95 showed a six amino acid insertion 
sequence in the centre of HrpN and a smaller insertion 
closer to the N-ter minus. These sequences distinguished 
strain EaCA1/95 from strains EaMR1 and IL6 <Fig.3A, 
undefined). In a dendrogram* the 'fruit tree 1 strain Eal/79 
from Germany is weii separated from the aligned Ameri- 
can rubus strains, but ail B. amy/owa strains differ in their 



Ta&te 2, SSR numbers of £ amylovora strains isolated 2000 in East- 
ern Canada, 



Origin 


Isoteted from 




SSR 


Kentviile 


pear 


EaKpt/00 


? 






Ea£p2/00 


7 






EaKpS/GO 


7 




appie 


EaKaS/00 


9 






EaKa7/00 


9 






£aKa&00 


8 






EaKaS/00 


7 






£aKa1G/(X> 


5 




hawthorn 


EaKhi4/00 


MO 






£aKh15/00 


a 






£aKh 17/00 


e 


Toronto 


P. pynfoi 'iA 


EaTpyrOTO 


4 




pear 




4 






EaTp10/OD 


4 




pear 1 


HaTp 12/00 


3 



a. From tree adjacent to main orchard. 



alignment patterns from the Asian pear pathogens 
(Fig. SB), 

Sequence analysis of the hrpN genes of E pyrifoliae 
strains and Srwinia strains from Japan 

Brwinla amylovora fruit tree' and raspberry strains share 
motifs of HrpN wfth the Asian pear pathogens. In Fig, 3A, 
the sequences of the Korean Erwinia pyrifoliae Epl/96 
and of an Bmmia strain from Japan, Ejp557 r were aligned 
for their possible relationship to the B. amylovora rasp- 
berry strains. Erwinia pyrifoftae strains ar)d the Brwmla 
strains from Japan were strikingly distinct from both £, 
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L$-Ea!/79 
L4-EaCa4/97 

U-Bs€a]/9S 
— — L2-Ba£a&96 



L3-EaCal/98 
L6*EaCal/D0 



C 



OA 



j pL4~£aCa4/97 

L L5~EaCa6/97 



-L2-EaCa#96 



ftg»£ PFGE analysis of £ amylomra sirarns isolated from rasp- 
b®rty in Canada and fco& by genomic SpeH digests tn comparison 
with isoiates from eppte in Canada and an & amtfovom iaotate from 
cotoneasier and an E. pyrff&!ia& strain. 

A. Lanes: M: I DNA marker (sizes at teft ir> kb); t: Ea€al/95 (rt>); 2: 
EaCae^S (ft); 3: BeCatm (rto); 4: EaCa4/»7 (a): 5: EaCa8/97 (a); 
6r EaCal/00 (p); 7: IL6 (ft); 8: Ea1/79 (highest baml from partial 
digest); 3: Ept/Sa (E pyriMael 
8. Dendrogram from pattern in A. 

C B Dendrogram from pattern of Xtert digest with the strains applied 
In A. Su&x ^ isttfafed from app&; J p*, from paar; [ iL6', from raspberry 
Bars, distance scales. 



amyfovom groups. The HrpN sequences of the two Asian 
pear pathogens were related to each other, but not Iden- 
tical and differed in at least four dusters of more than two 
amino adds. 

The £ pyrifoliae strains Ep1/96 and Ept02/98 belong 
to the PFGE pattern type PtA T Ep4/97 to PtB and Ep28f 
96, Ep31/0S to pattern type PtO {Kim el at, 2001b). Most 
parts of their HrpN sequences were identical. (sj e verthe- 
less, Ep1/96, Ep4/97 and Ep1GE'98 showed a DNA inser- 
tion encoding seven amino acids, which distinguished 
them from the others (Rg.4). The motif 'GGSGGGL' is 
reiterated twice for these strains, but is not conserved for 
E amyfovom or the £rwinia strains from Japan (Fig, 3A 
and Fig, 4A), The distance scale in the dendrogram 
derived in Fig. 48 indicates a dose relationship of the 
investigated E pyrifoii&e strains with small differences. 
Ep1/98, Ep28/98 and EptC2/98 are highly related, tess 
Ep3V96, whereas £p4/97 is more distinct from the others. 

The Brwima strains from Japan analysed were also not 
completely homogenous for their HrpN sequences. 
Strains Ejp547, Ejp557 and Ejp562 were highly related in 
the PFGE patterns after Xba\ digests, whereas the others 
could be separated from the first group on this basis {Km 
etaL 2001a). In agreement with those data, the HrpN 
proteins of Ejp547, Ejp557 and EjpS62 differed from the 
amino acid sequences derived from the other strains at 
five sites of HrpN (Rg. 5A). The dendrogram in Fig. 5B 
indicates the relationship of Ejp557, Ejp547 and Ejp562, 
separating them from the other strains, also confirming 
PFGE data that strain Ejp547 is not identical with strain 
Ejp540, obtained in the same agar culture. 

The sequences of the hrpN genes of E amyfovom fruit 
tree 1 and raspberry strains as well as of E pyrifoHae 
strains and Erwmia strains from Japan showed a differen- 
tial degree of conservation. The E, amyfovora fruit tree' 
and rubus strains were 97% related to each other, 
whereas the HrpN proteins of E. pynfoiiae and Srwinia 
strains from Jap^n had only 83% similarity to HrpN of E 
amyfovora Hxuli tree' strains. 

A summarizing dendrogram (Fig. 6} grouped the £. 
amyfowra strains apart from me two Asian pear patho- 
gens. E pyrifofiae strains are highly related to each other, 
and less to the Emlnm strains from Japan. 

Discussion 

The PFGE patterns of the strains isolated m North Amer- 
ica are divergent, In contrast to the pattern of strains from 
Central Europe and the Mediterranean region, which were 
grouped into four main pattern types (Jock etaL, 2002). 
In spite of basicariy unrestricted trade in fruit and fire blight 
host plants, there has been no obvious mixing of pattern 
types in Europe and the Mediterranean region. Sequential 
spread trom infected sites is the dominant way of disease 
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Fig. 3. S&qu£nc& alignment of the HrpN proteins from ta$p&$ny strains isolated ^ Canada compared with the E, amyhvom Injit tree strain' 
£ pyrifolme €p1/96 and EjpSS?, an Ero/a strain from Japan. 

A. Common moisfs for raspberry slraws are boxed and unique ffis&rtions for strains are underlined 

B. Dendrogram from tha ammo acid sequ^^ces alined in A, Bar, drsisnca scald. 
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R§. 4. Comparison of HrpN proteins from five E. pyrifotia sirarns. 

A Amino acid pigment. The motif lor strain c$feremialibn « boxed. 

B. Dendrogram from the amino acid sequences aJignod in A. Bar. dis(ance scate. 



distribution, except for introduction of fire blight into Cen- 
tral Spain and Northern Italy, where plant Imports can be 
connected with appearance of fire bright caused by E 
amyiowm strains dispfayfng pattern type Pi& which has 
not been found in the adjacent regions. 

An ordered PFGE pattern was not found for strains from 
North America, because even a relatively low number of 



Isolates gave rise to several different patterns. They also 
differ from European patterns except for Pt1 and Pt4, 
which were found repeatediy in isolates from Eastern 
Canada, Thus, Ptl and Pt4 coufd have originated in North 
America and were men distributed to Europe (Jock era/,, 
2002), first to England with the first European fire blight 
outbreaks (Billing and Bsrrie, 2002). The other patterns in 
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Fig. 5. Comparison of HrpN proteins from six Erwinia strains isolated in Japan, 

A, Amino acid alignment. Arc insertion mot\i and amino add substitutions foe simirrs Ejp547, EjpSST, and Bjp56Z are um?erltne& 
8. Dendro^farn from th& amino acid sequences aligned m A. B&r, cNsfance scate. 
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Fig. £_ A dendrogram showing the nelatedness of £ amytovara fruit 
tree' and rasp&eny straps and fhe evolutionary distant of rhe Asian 
pear pathogens based on the HrpW amino acid sequencos> Bar, 
distance scale. 

America can be explained by genetic changes over a long 
time period; they were rarely distributed to other countries 
except for Pt2. a pattern which was found first in Egypt 
and also in a strain from California (Zhang and Geider, 
1997; Jock etat> 2002). 

A special subgroup of E amyfovom strains from rasp- 
berry is endemfc in North America and has only been 
isolated there, A reason for the difference In the PFGE 
patterns from E. amyfovom 'fruit tree J strains could be the 
unusual host, which required many genomic changes for 
adaptation of the pathogen. On the other hand, their pre- 
sumably long persistence in North America could have 
allowed accumulation of many base changes in the 
genome causing their pattern heterogeneity. 

The SSR numbers are not related to PFGE patterns or 
the areas of isolation as also found for American (Schna- 
be! and Jones, 1998) and European E. amyfovom strains 
(Kim and Gaidar, 1999). Nevertheless, different numbers 
indicate non-identical isolates from fire blighted plants. 
Among intermediate numbers there is a high occurrence 
of low numbers such as 3 and 4, which are not often 
observed in Central Europe. In isolations from the same 
apple orchard in Kentvflte, we found SSR numbers from 
5, 7 and 9. Normally, only one 3SR-£ype is usually isolated 
in the same set of isolates, but recently, we observed 
some exceptions like in England where we found SSR 
type 3 and 7 in isolates from adjacent plants (Jock et a/., 
2003a). 

The ability to induce a hypersensitive response (HR) on 
non-host plants is a common feature of plant pathogenic 
bacteria, in evolution, many genes of the hrp cluster espe- 
cially those involved in protein secretion have been highly 
conserved among bacteria (Van Gijsegem efa/ P , 1993; 
Bogdanove etaL t 1996). A spontaneous base change in 
hrpL within an £ pyrtfoliae population has been recentfy 
described (Jock etaL t 2003b). Genes encoding harptns 



are highly divergent even for related bacteria. The HrpN 
proteins of two related species such as P. stewariii ssp. 
stewartii (E stevmrtu) and P. stewartli pv. gypsophyfae 
show only 60% similarity to each other (EMBL Nucleotide 
Sequence Database accession numbers AF282857 and 
AF21176 respectively). The similarity of these harpfns 
and HrpN of E. carotovora ssp. caroiovom (AF302656) to 
harpin of E amytovora is 62% T 58%, and 49% respec- 
tively. The sequence information of hrpNls not only suited 
for classification of bacterial species, but also for grouping 
of strains within a species, On ihe other hand, HrpN can 
be conserved, found for E amyhvora 'fruit tree' strains, 
where the sequences matched at the nucleotide level. 
These strains isolated from raspberry in North America, 
share more than 95% similarity. A high relationship was 
also observed between E pyrifoliae strains from Korea 
and the Japanese pear pathogen whereas E amyfovom 
strains match with these pathogens less than 85%. 
Although the Erwinia stains from Japan have not been 
faxonomicaify classified, the reiatedness of HrpN proteins 
adds to the notion to pface these with E. pyrifoliae into the 
same species {Kim etal t 2001a). in addition, HrpH 
sequences provided also information for strain differenti- 
ation within a species. 

Because the transport of harpin depends on several 
cellular proteins, its sequence cannot freefy change only 
to conserve its eiicitor activity. Whether the HrpN protein 
or even the DspA/E-protein (Gaudriauft etaL, 1997; 
Bogdanove etaL, 1998) contribute to host plant specificity 
of a pathogen has still to be shown. The divergences of 
the HrpN sequences should indicate an evolutionary drift, 
similar to the PFGE patterns analysed. The most likely 
explanation is the long persistence of E. amyiovora in 
North America, of E pyrifotme In Korea and the slightly 
different pear pathogen in Japan. Furthermore, ihe occur- 
rence of European pattern types Pt1 and Pt4 among the 
divergent American PFGE patterns may indicate a rare 
escape of fire blight from its origin in North America. 

Experimental procedures 

Bacterial strains, FOR and PFGE analyses 

The E amyiovora strains were isolated in the Eastern part of 
Canada, or were gifts from colleagues (Table 1). They were 
confirmed as E. amyhvora on several agar plates including 
MM2Cu (BereswfU etai t 1998) and by PCR assays (Beres- 
wifJ Qtal> 1992), Fufsed-fiefd gel electrophoresis analysis 
(Jock etaL, 2002) and determination of the SSR numbers 
(Krm et aL s 1999) were done as described. Brwmia pyrifoliae 
(Kim &t at* 2001b) and the Erwmia strains from Japan were 
also described previously (Kim etaL, 2001a), For pattern 
comparison, the PFGE fragments were assigned by eye with 
letters and the program clustalxI.81 used for pairwise 
alignments. The dendrograms were adjusted with NJ4ree 
ami further processed in a graphics program. Pattern analy- 
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sis was also done wHh the public domain programs imageJ 
(v. 1.30; W. Rasband, H\H f USA) and Cross Checker {v, £91 ; 
J. B, Buntjer, vVagenirigert. ftie Netherlands) and alignment 
with Treecon v$, 1 ,3t> {Y van de Pear, Konstanz* Germany) 
and clustalxI .61 respective Carrions by eye were 
required for further adjustment of the band assignments. 

Analysis of the hrpH gems from E. amyiovora and the 
Asian pear pathogens 

The hrpN genes of strains from the three pathogens were 
amplified with PCR consensus primers, which were deduced 
by comparison of several known nucleotide sequences from 
plant pathogens namely E amytovora (EMBL Nucleotide 
Sequence Database accession number M92994) or R stew- 
ard (accession number AF282857}. Primer HRPN1 was 5'- 
ATGAGTCTGAATACAAG-3' (at start of E. amyiovora hrpNj 
and primer HRPNSo 5'-GCTTGCCAAGTGCCATA^3' (in 
hrpN t 11 bp downstream from slop codon). in scnne cases, 
weak PCR bands obtained could indicate incomplete match- 
ing of the primes. The amplified DNA fragments were cloned 
Into vector pGEM-T and were commercially sequenced To 
cover the total hrpN ganas, a third primer HRPMc (5 y - 
CCACGGCGTTACCCAACTGCTGG-3') located in the cen- 
tra! part of the hrpN gene was used to cover gaps In the HrpN 
sequences. Alignments and dendrograms were created with 

CLUSTALXL81. 

Erwinia pyrifbfiae and the Erwinia strains from Japan were 
considered to be sufficiency related to E. amyiovora to 
ampitfy their hrpN genes with the Erwinia PGR consensus 
primers given above. Ttes was indeed possible and allowed 
donmg and sequencing of their hrpNDUA fragments as for 
£ amyiovom by using primers HRPN! and HrpN3c. A primer 
comprising the stop codon at the C-termmus of hrpNdfci not 
result *n the formation of a PCR producl together with primer 
HRPN1. 

The hrpN nucleotide sequences from strains Ea1/79, 
EaCa1/95 s 116, EaMR1, Ejp546, Ejp557, Ep1/96 4 Ep31/96, 
Ep4/97 arid were deposited in the EMBL Nucleotide 
Sequence Database with the accession numbers AJ579689 
{Eal/79), AJ$796 l 9G (E&Ca 1/95). AJ579691 (Jt6). AJ579S92 
(EaMR1), AJ579693 {Ejp546}. AJ579694 (Ejp557), 
AJ579605 (Ep1/96K AJ579696 (Ep31/96) and AJ579697 
(Ep4/97). 
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INTRODUCTION 

Trie ability of plant pathogenic bacteria to deliver death- 
triggering proteins to the interior of plant cells was revealed in 
a rapid succession of papers in 1996 that transformed our 
concepts of bacterial plant pathogenicity. The breakthrough 
came with the convergence of work on Hrp systems and Avr 
proteins, an understanding of which requires an introduction 
to the most prevalent bacterial pathogens of plants, the cardi- 
nal importance of the Hrp pathway, and the paradoxical phe- 
notype associated with avr genes. 

Plant pathogenic bacteria in the genera Erwinia, Pseudomo- 
nas^Xanthomonas* and Rahtonia cause diverse, and sometimes 
devastating, diseases in many dhferent plants, but they all share 
three characteristics: they colonize the intercellular spaces of 
plants, they are capable of killing plant cells, and they possess 
hrp genes. Many of these pathogens are host specific in host 
plants, they produce various symptoms after several days of 
multiplication* whereas in nonhost plants, they trigger the hy- 
persensitive response (HR), a rapid, defense-associated, pro- 
grammed death of plant cells at the site of invasion {21, 43). 
With inoculum levels typically encountered in natural environ- 
ments, the HR produces individual dead plant cells that are 
scattered within successfully defended healthy tissue (71). 
However, experimental infiltration of high inoculum levels 
(>10 6 bacterial cells/ml) results in macroscopically observable 
death of the entire infiltrated tissue, usually within 24 fa (42), 
Pioneer screens for random transposon mutants with impaired 
plant interactions yielded a prevalent class that was designated 
Hrp", that is, deficient in both HR elicitation in nonhost plant 
species and pathogenicity (and parasitic growth) In host species 
(49, 56)* This complete loss of pathogenic behavior results 
from mutation of any one of several hrp genes* which largely 
encode components of a type Hi protein secretion system (73). 
Because the capacity to elicit the HR is a convenient marker 
for the capacity to be pathogenic and these two abilities have 
a common genetic basis, the "simple" problem of HR elicita- 
tion is being studied as an entry to the larger problem of 
pathogenesis. 

A key part of the HR puzzle is that HR elicitation and the 
resulting limitation in host range can occur if the pathogen 
possesses any one of many possible avr (avirulence) genes that 
interact with corresponding R (resistance) genes in the host 
plant. Such "gene-for-gene" interactions result in recognition 
of the bacterium and the triggering of plant defenses. For 
example, Pseudomonas syringae pv. glycinea is one of over 40 P. 
syringae pathovars differing largely in host range among plant 
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species and is subdivided into races on the basis of their inter- 
actions with genetically distinct cultivars of its host, soybean. 
Those race-cultivar interactions involving matching bacterial 
avr and plant R genes result in the HR and avirulence, i,e.; 
failure of the bacterium to produce disease. The R genes en- 
code components of a parasite surveillance system and are 
crossed into crops from wild relatives by plant breeders for 
disease control, avr genes are identified and cloned on the basis 
of the avirulence they confer on virulent races in appropriate 
test plants (39, 69). in most cases, it is not clear why plant 
pathogens carry avr genes that betray them to host defenses 
but new insights into this question are discussed below. 

Both hrp and aw genes were originally defined on the basis 
of the phenotypes they confer on bacteria interacting with 
plants. Molecular studies have revealed a functional relation- 
ship between the products of these two classes of genes and an 
underlying sirnilarity with a key virulence system of several 
animal pathogens. Yersinia- Salmonella, and Shigella spp. trans- 
fer virulence effector proteins directly into animal cells via the 
type III pathway (16, 17, 62, 67, 84). Similarly, plant pathogens 
use the Hrp type III pathway to transfer Avr effector proteins 
to the interior of plant ceils. The genetic dissection of type III 
secretion systems is just beginning, and little is known of the 
mechanisms of protein translocation. In this review, we will 
describe (i) the recently completed inventory of genes directing 
type III secretion in plant pathogens and new insights into type 
III secretion mechanisms gained from research with Hrp sys- 
tems, (ii) two classes of proteins (harpins and pilins) that are 
secreted by the Hrp type III pathway when plant pathogens are 
grown in media that mimic plant intercellular fluids, (iii) evi- 
dence that Avr proteins are delivered by the Hrp pathway 
directly to the interior of plant cells, and (rv) a resulting new 
paradigm for bacterial plant pathogenicity. The focus will be 
on quite recent work, and readers are referred to other reviews 
for a classic introduction to the HR phenomenon (43), earlier 
investigations of the Hrp system (11), avr genes (20, 46), and a 
wider perspective on bacterial virulence systems and plant re- 
sponses (2). 



Hrp PROTEIN SECRETION SYSTEM 

hrp and hrc genes* hrp genes have been extensively charac- 
terized in four representative gram-negative plant pathogens: 
P. syringae pv, syringae (brown spot of bean), Erwinia amyb- 
vora (fire blight of apple and pear), Ralstonia (Pseudomonas) 
soknacearwn (bacterial wilt of tomato), and Xanthomonas 
campestris pv. vesicatoria (bacterial spot of pepper and toma- 
to). Most of the known hrp genes in these strains are contained 
in chromosomal clusters of about 25 kb (Fig. 1). In at least 
some cases, the hrp clusters are sufficient to allow HR eiicita- 
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tion (but not disease) by nonpathogenic bacteria such as Esch- 
erichia colt and Pseudomonas fluorescent (8, 37). 

Initial sequencing of the hrp clusters from A sofamicem 
X cameestris pv. vesicatoria, and P. sjmgae pv synngae re- 
pealed homologies with components of fce > vimleitfe proton 
fYop) secretion system of Yersinia spp. (22, 29, 34). thereby 
SeiShe existence of a conserved "type HT protein se- 
cretion pathway in gram-negative pathogens of both plane ; and 
animals (65, 73). The near completion of these sequences has 
revealed Wther homologies and has led to two major changes 
in the nomenclature of hrp genes (9). First, those hrp genes 
that are broadly conserved in pathogenic Pseudomonas, Er- 
winia, mlstonia,Xanihomoms, Yersinia, Satmonelk, and Shi- 
gella spp. were redesignated hrc (HR and conserved) and given 
The last-letter designations of their Yersinia ysc homologs. The 
designations for Hrc homologs in various bacteria outside of 
the plant pathogen group are presented in Table I, When 
referred to broadly, the term "hrp genes" is intended to en- 
compass the hrc subset (9). Second, the hrp gene concept was 
widened to include homologous genes in plant pathogens 
where mutations do not lead to typical Hrp phenotypes. For 
example, mutations in hrp homologs result in loss of the Wte 
fwatereoaking) phenotype in Ermnia stewartii (Stewart s wilt ot 
corn) and reduced inf ectivity at low inoculum levels in Ermma 
chrysanthemi (bacterial soft rot) (6, 23). Thus, fee hrp genes 
appear to be universal among plant pathogenic ; Erwma, Psm- 
domorw* Rabtonia, and Xanthomonas spp. and they control a 
variety of bacterium-plant interaction phenotypes in addition 

l ° CSS and H hrp clusters. The four hrp clusters that have 
been most characterized can be divided into two groups based 
on their possession of similar genes, operon structures 
and regulatory systems (2). The hrp clusters of P. synngae and 



£ amylovora are in group I, and those of A soUmacearum and 
X campsstris are in group II. In addition to the mne hrc genes^ 
two A^genes are conserved between the group I and I II hp 
clusters and show some similarities to ysc genes (Fig. 1) (1U, JO, 
41 74) It is likely that more of the present hrp genes wul be 
d tod as belonging to the hrc category ™* Jf 
on the structure, function, and conservation of their products 
in both plant and animal pathogens. Nevertheless, some of the 
hrp genes appear to be completely different between the two 
groups, the arrangements of genes within some operons are 
characteristic of each group, and the regulatory systems are 
distinct (Fig. 1). A key difference in regulation is tha group I 
hp operons are activated by HrpL, a member of the ; ECF 
(extracytoplasmic function) subfamily of sigma factors (50, 7S, 
85), whereas most group II hrp operons are activated by a 



TABLE 1 Hrc proteins of plant pathogenic bacteria and 
their animal pathogen and flagellar homologs 
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Yersinia 
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protein 


HtcC 


YscC 


HrcJ 


YscJ 


HxcN 


YscN 


HrcQ 


YscQ 


HrcR 


YscR 


HicS 


YscS 


IlrcT 


YscT 


HrcU 


YscU 


HrcV 


LcrD 



Salmonella 
protein 

InvG 
PrgK 
SpaL 
SpaO 
SpaP 
SpaQ 
SpaR 
SpaS 
InvA 



Shigella 
protein 



FlageOar 
protein(s) 



MxiD 

MxU 

Spa47 

Spa33 

Spa24 

Spa9 

Spa29 

Spa4G 

MxiA 



FuF 

FUL 

FEN.-Y 

FliP 

FUG 

FUR 

RhB 

FIhA 



- References for the sequent rf hrc genes and sU hamatogs are compiled ro 
references 9, 25, and 74. 



NOV 



30 2006 19:38 FR CISTI ICIST 



613 998 4926 TO 17188899320 



P. 05/10 



Vou 179, 1997 

member of the AraC family, which is designated HrpB in R 
solanacearum and HrpX inX. campestris (27, 57, 82). However, 
hrp genes in both groups are generally repressed m complex 
media and expressed in plants and in media that rnirme plant 
intercellular fluids (11). 

Functions of Hrp and Hrc proteins in type Hi protein se- 
cretion. With the hrp clusters of four representative plant 
pathogens now almost completely sequenced, analysts of the 
functions of individual components is beginning. Nonpolar 
mutations have been constructed in most of the hrp and hrc 
genes in R. solanacearum and in some of the genes in E syrin- 
gae pv. syringae and EL amylovora (10, 15 ; 54, 77). The results 
suggest that the secretion apparatus requires al! of the hrc 
genes (hrcQ awaits testing). The K solanacearum mutant anal- 
ysis also reveals a requirement for hrpF, -W t -K, and -X (54). As 
discussed above, hrpF and hrpW have group I and possible ysc 
homology Thus, the Hrp type III secretion apparatus is likely 
composed of a core of 13 proteins, all but 2 of which appear to 
be broadly conserved. Hie predicted locations and functions of 
most of these proteins have been systematically presented for 
the K solanacearum Hrp system (74), and they appear to be 
the same m X campestris, E. amylovora, and P. syringae, 

Sequence comparisons reveal that all of the Hrc proteins, 
other than HrcQ have a homoiog involved in fiageUum-specific 
export or early events in hagellura biogenesis (Table 1). The 
abilities of the presumably more ancient flagellar system to 
regulate the order (and possibly amount) of protein released 
and to secrete proteins m association with an extracellular 
appendage are properties that may be particularly important in 
the type III transfer of virulence proteins into host cells (18, 
52). Plant pathogens offer several experimental advantages for 
exploring mechanisms of type III secretion and, indirectly, 
fiageilum-spedfic secretion. The lagellum-specifle and animal 
pathogen type III secretion systems have been difficult to study 
because many mutations pleiotropicaliy disrupt production of 
the secretion apparatus and the secreted proteins. For exam- 
ple, the Yersinia pestis LcrD and Bacillus subtiiis FlhA proteins 
(homologs of HrcV) were imtiaUy thought to have primary 
functions in regulation (14, 59). However, the unambiguous 
secretion phenotype of an J& amylovora hrcV mutant provided 
strong evidence that the primary function of members of this 
protein superfamily is in secretion (77). Plant pathogens offer 
other experimental advantages for exploring type III secretion 
mechanisms: defined subclones of ca, 25 kb are conveniently 
sunicient for Hrp-mediated secretion by E. coli and other 
model bacteria (31, 77), and hrc gene arrangements and mu- 
tant phenotypes suggest that translocation across the inner and 
outer membranes is partially separable in these bacteria (15), 

In both group I and II hrp cluster the six hrc genes pre- 
dicted to encode a flagellum-derived system for Sec-indepen- 
dent translocation across the inner membrane (hrcN, -R, ~S, -T, 
-U, and -V) are in operons other than that containing the one 
hrc gene predicted to direct translocation across the outer 
membrane (hrcC) (Fig* 1 and 2). HrcC is a member of the 
PulD/pIV superfamily of outer membrane proteins, which are 
involved in type II protein secretion (PulD) and filamentous 
phage secretion (pIV) (26), These proteins form homomulrim- 
ers in the outer membrane which permit phage or protein exit 
and induce the psp (phage shock protein) operon (63). The 
HrcC protein of X campestris pv. vesicatoria was the first 
member of the type III branch of this superfamily shown to 
induce the psp operon, thereby suggesting that the type HI 
pathway also employs an outer membrane, channel-forming 
multimer (80). A P. syringae pv. syringae hrcC mutant accumu- 
lates some of the normally secreted HrpZ harpin (discussed 
below) in the periplasm, whereas a hrcU mutant accumulates 
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FIG, 2, Moo^iibr the delivery of pgra^te^romotiiig Avr proteins (Le., Hop 
proteins according to a proposal discussed 'm the text) iato plant ceils by the Hrp 
type IE secretion system syringae example). To reach their targets, Avr pro- 
teins must cross the bacterial inner membrane (iM) 7 outer membrane (OM} ( 
plant cell wall (CW), and plasma membrane (FM). Only Hrc components (in- 
dicated by their last letters in predicted subcellular locations) and proteins known to 
be secreted are shown. The location of hydmphilk HrcQ {HrcQ A and HrcG a in P. 
sythtgae) is unknown, but the homotogaus SpaO is secreted by SnbnoneUn spp. 
(25, 48)h Four additional Hrp proteins, not shown, appear to be required for 
secretion (see text}. Dashed-line boxes indicate uncertainties about precise loca- 
tion. For example, it is not known whether HrpA or HrpZ penetrates the pfeni 
ceil wall and whether these and/or other Hrp proteins trigger Avr transfer into 
plant cells by endocytosrs. Secretion of HrpA and HrpZ is not dependent on 
plant cell contact, whereas secretion of Avr proteins apparently is. Once inside 
plant cells, multiple Avr proteins apparently promote parasitism collectively by 
unknown mechanisms (short arms denote weak phenotypes of virulence domains 
interacting with undefined host targets), unless any one of the proteins interacts 
with a hosl R gene product, thereby triggering the HR defense. Mutation of a 
host target, to diminish benefit to the parasite* and detection by the R gene sur- 
veillance system are likely evolutionary responses of plants to the bacterial de- 
ployment of a new virulence protein; coevolmlon would be expected to generate 
many avr and R genes in complex populations of plants and bacterial parasites. 



the protein exclusively in the cytoplasm (15). Thus, the se- 
quence-based prediction that separate inner and outer mem- 
brane translocate* systems have been recruited to form the 
Hrp pathway is supported by a novel secretion phenotype 
revealing partial separation of these functions (15). 

HARPIN S, PILLNS, AND OTHER PROTEINS SECRETED 
IN CULTURE BY THE Hrp SYSTEM 

Hatpins, Broadly defined* harpins are ^yeme-rich proteins 
that lack cysteine, are secreted in culture when the Hrp system 
is expressed, and possess heat-stable BR elidtor activity when 
they infiltrate the leaves of tobacco and several other plants. As 
is characteristic of proteins secreted by the type III pathway, 
harpins lack an N^tenniaai signal peptide. The first fearpm was 
discovered in the culture fluids of E. coli ceils carrying a highly 
expressed hrp cluster from E. amylovora (79). Because muta- 
tions in the harpin-encoding hrpN gene in £. amylovora strong- 
ly diminish HR elicitation in tobacco and pathogenicity in 
susceptible, immature pear fruits* harpin was initially thought 
to be the primary virulence protein traveling the Hrp pathway 
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(79). Subsequent analysis of harpins from other bacteria has 
revealed that harpins diffi er substantially in their primary struc- 
ture and their contribution to Hrp phenotypes, and their actual 
function is unknown (4, 7, 19, 31). 

The harpin genes of E. amylovora (krpN) (79), E. chrysan- 
therm (hrpN £ Jj (7), and R solanacearum (popA) (4) are lo- 
cated adjacent to or near their respective hrp clusters, whereas 
the P. syringae hrpZ gene resides within a hrp operon (31). E. 
chrysanthemi hrpN mutants are reduced In infectivity at low 
inoculum levels and are unable to elicit the MR (7), but harpin 
gene mutations in E. amylavora CFBP1430 (a highly virulent 
strain) (5), R solanacearum (4), and P. syringae (1) produce 
weak phenotypes or no phenctype. Thus, individual harpins do 
not appear to be necessary for elicitation of the HR by most 
bacteria. The potential role of harpins in determining host 
specificity is uncertain. FopA may be a host specificity factor 
because the isolated protein elicits the HR selectively in those 
plants in which R solanacearum also elicits the HR, whereas 
the isolated harpins from E, amylovora and three P. syringae 
pathovars trigger the HR in various plants in a manner that 
shows no relationship to bacterial host range (30, 31, 60, 79), 
Harpin activity may involve interactions with plant cell walls. 
The HrpZ harpin binds to the walls of intact plant cells but not 
to protoplasts, and it also fails to trigger HR-associated re- 
sponses in protoplasts (33). The elicitor activity of harpins is 
unlikely to be enzymatically based because various fragments 
retain activity (1, 4, 45). 

The function of the P. syringae HrpZ harpin is particularly 
puzzling. Several observations suggest a simple, direct role for 
HrpZ in HR elicitation. HrpZ is the predominant protein 
secreted by the P. syringae Hrp system in culture (31, 88) ? the 
hrpZ gene is conserved m divergent f* syringae pathovars (60), 
and the isolated protein elicits an apparent programmed cell 
death in plants that is indistinguishable from the HR elicited by 
living bacteria (31). Furthermore, hrpZ deletion mutations in 
the cosmid pHlRli functional cluster of P. syringae pv. syrin- 
gae hrp genes strongly reduce the HR elicitation activity of E. 
coU cells carrying only pHIRll. The same mutation only 
slightly reduces the HR in R syringae pv. syringae, but this can 
be explained by postulating the existence of a second harpin 
encoded elsewhere in the bacterial genome (1). 

However, other observations show that the relationship of 
HrpZ to HR elicitation is more complex Mutation of hrmA 
(32, 35), which is in a variable region flanking the conserved 
hrp cluster in pHIRU, abolishes HR activity in tobacco with- 
out diminishing HrpZ synthesis or secretion (1). Thus, isolated 
HrpZ is sufficient to elicit an HR In tobacco leaves but HrpZ 
produced by bacteria in plants is not Instead, HrmA, with no 
apparent function in the Hrp secretion apparatus, is necessary 
for bacterial elicitation of the HR, and thus, HrmA appears to 
be the actual eiicitor of the HR produced by bacteria carrying 
pHIRll. HrmA has several characteristics of an Avr protein 
(3). Avr proteins and the role of the Hrp system (and possibly 
harpins) in their delivery into plant ceils will be discussed 
below. 

HrpA pilin and other secreted proteins. P. syringae pv. to- 
mato DC3000 secretes at least four proteins in addition to 
HrpZ into the medium in a Hrp-dependent manner (88). One 
of these is the 10-kDa product of hrpA, which forms a 6- to 
8-nm-diameter "Hrp pilus" (61), A nonpolar hrpA mutant no 
longer elicits the HR in appropriate test plants, even when 
carrying an aw gene known to interact with an R gene in the 
plant. It thus appears that the Hrp pilus is essential for the 
delivery of Avr signals (discussed further below). Although it Is 
not known whether the Hrp pilus functions primarily in bac- 
terial attachment or as a conduit for the delivery of bacterial 
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proteins across the plant cell wall, it is interesting that^gw&zc- 
terium tumefariens requires a pilus similar in size (3,8-nm di- 
ameter) to transfer T-DNA and the VirE2 protein into plant 
cells (24). 

Hrp DELIVERY OF AVR PROTEINS INTO 
PLANT CELLS 

avr genes and their products* In fundamental contrast to the 
hrp genes, avr genes are scattered in their distribution among 
strains of plant pathogenic bacteria (20, 46). More than 30 
bacterial avr genes have been cloned from P. syringae and X 
campestris, but until recently, characterization of the menag- 
erie of encoded proteins has largely defined what these pro- 
teins do not do. Isolated Avr proteins do not elicit any re- 
sponses when they infiltrate plant leaves. They do not appear 
to be secreted in culture and are hydrophilic proteins lacking 
N-terminal signal peptides or other recognizable secretion sig- 
nals (properties consistent with potential secretion by the type 
III pathway). They do not have demonstrable enzymatic activ- 
ity (with the exception of AvrD, which directs the synthesis of 
syringolide elicitors of an R gene-dependent HR [55]), and the 
majority of them do not contribute in an obvious way to par- 
asitic fitness or virulence in the infection of cnltivars lacking a 
matching R gene that would trigger the HR. However, there 
are several significant exceptions to the last point (20, 46) and 
there is growing evidence that Avr proteins have a primary 
function in virulence, even though the HR-triggering effects of 
Aw~R interactions are epistatk over these virulence functions. 
How Avr proteins might promote parasitism is mysterious, but 
support for such a primary role comes from observatioQS that 
their action is dependent on the Hrp system and their site of 
action is within host cells. The next two sections address these 
points and provide evidence that the main function of the Hrp 
system is in the delivery of Avr-like proteins into plant ceils. 

Hrp dependency of Avr phenotypes. avr genes have no phe~ 
notype when expressed in hrp mutant pathogens or in non- 
pathogenic bacteria like E. cali 7 which lack the Hrp system 
(highly expressed awD is the sole exception to the latter point 
[40]). For many avr genes, especially those in P. syringae, one 
simple explanation is that their expression is dependent on Hrp 
regulatory factors (46). However, expression of avr genes from 
vector promoters does not obviate the requirement for a func- 
tional Hrp system. The recent finding that the functional clus- 
ter of P. syringae pv, syringae hrp genes carried on cosmid 
pHIRll is sufficient to deliver heterologous aw gene signals 
indicates the fundamental interdependency of Hrp and Avr 
functions in bacterial elicitation of the HR (28, 58). A key 
property of pHIRll enabling this discovery is that the cosmid 
confers on nonpathogenic E. colt and P. fluarescens the ability 
to elicit the HR in tobacco and several other plants, but it is 
ineffective in doing so in soybean m&Arabidopsis, The simplest 
explanation is that hrmA^ which Is carried on pHHUl and has 
several properties of avr genes (3), interacts with an unknown 
R gene in tobacco but with no k genes in soybean and Arabi- 
dopsis. This suggested that expression of appropriate avr genes 
in trans would enable nonpathogens carrying pHIRll to elicit 
an R gene-dependent HR ra soybean, Arahidopsis, and other 
plants. Indeed, this was observed with avrB (from P. syringae 
pv. glycinea) and five other P. syringae avr genes (28, 58). 

The ability of pHIRll to deliver aw gene signals requires 
HrcC (absolutely) and HrpZ (variably) (28, 58). The inability 
of HrpZ to support AvrB signal delivery when supplied exog- 
enously indicates that the harpin has a role only when pro- 
duced along with AvrB and therefore may be an extracellular 
accessory in the delivery of Avr proteins, as YopD is in the 
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delivery of YopE (28* 62), Most importantly* these experi- 
ments reveal that a functional Hip secretion system is required 
for the delivery of several avr gene signals. Furthermore, the 
use of promoters different in strength and of epitope-tagged 
AvrB revealed that the requirement for a functional Hrp se- 
cretion system cannot be obviated by high levels of AvrB in the 
bacterial cytoplasm or by Infiltration of leaves with purified 
AvrB at a level 1,000-foid higher than that required by living 
Hrp + bacteria to elicit the HR (28). Thus, AvrB does not 
appear to act hi the bacterial cytoplasm or in leaf intercellular 
spaces. These observations strongry support the hypothesis, 
depicted in Fig. 2, that the type III protein secretion system in 
plant pathogens, as in animal pathogens, is capable of deliver- 
ing bacteria! proteins into host cells. 

Demonstrations of Avr action in host cells. Bacterial trans- 
fer of Avr proteins into plant cells has not been observed 
directly. However, there is evidence that several of these pro- 
teins are biologically active when produced within plant cells, 
that the HR-triggering activity of one of them is dependent on 
physical interaction with its cognate plant R gene product, and 
that the activity of another is dependent on localization to the 
plant cell nucleus. AvrB action in plant cells was demonstrated 
with Arabidopsis plants carrying the cognate RPM1 R gene 
(28). An Arabidopsis rpml mutant was transformed with avrB 
and crossed with a wild-type line, thus producing seedling 
progeny carrying both avrB and RPM1 which died soon after 
germinating. One symptomless rpml mutant transgenic plant 
was obtained; this individual expressed relatively low levels of 
an avrB construct carrying the PR-la plant protein signal pep- 
tide, with the likely consequence that the plant cytoplasm 
would be exposed only transiently or to low levels of AvrB. The 
properties of this survivor suggest that plants are sensitive to 
AvrB even in the absence of a functional matching R gene and 
that vaziishiogiy low levels of the protein are sufficient to elicit 
the HR in the presence of a complete R gene. A biohstic, tran- 
sient expression assay revealed that avrB lacking a signal pep- 
tide (and therefore localized to the plant cytoplasm) was lethal 
to Arabidopsis leaf cells carrying RPMl but not to those lacking 
the R gene (28), Tins approach was extended with avrRptl 
(from P. syringae pv. tomato) (47). Similarly, an A tumefaciens 
transient expression system was used to deliver awPto (from 
i 3 , syringae pv. tomato) and ovrBs3 (from X, campestris pv. 
vesicatoria) into plants, resulting in an jR gene-dependent HR 
in all cases (66, 70, 72). Thus, whereas no bacterial Avr protein 
has been observed to have an elect when delivered exclusively 
to the surface of plant cells, all four of those tested elicit an 
R gene-dependent response when expressed Inside them. 

The simplest model for the molecular basis of gene-for-gene 
HR elicitation predicts physical interaction between the pro- 
tein products of cognate avr and R genes. This has been ob- 
served with the bacterial AvrFto and plant Pto proteins; mu- 
tations in the molecular partners that diminish physical 
interaction in the yeast two-hybrid system also onninish bio- 
logical function (66, 70). Because AvrFto action requires a 
functional Hrp system in either R syringae pv, tomato (64) or 
nonpathogens carrying the pHIRll hrp cluster (23* 58) and it 
involves physical interaction with a cytoplasmic target in the 
host, the Hrp-mediated transfer of AvrPto into plant ceils 
seems certain. 

While many bacterial Avr proteins appear to be targeted to 
the host plant cytoplasm, members of the AvrBs3 family in 
Xanihornonas spp, are targeted to the host nucleus. These 
proteins carry functional nuclear localization signals (NLS) in 
the C-terminal region (72, 86). When fusions of this Otenninal 
region and a uidA reporter are transiently expressed in onion 
epidermal cells by biolistic bombardment, ^-glucuronidase ac- 
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trvity is localized to the nucleus (72, 86). Deletion of all three 
of the NLS sequences abolishes nuclear localization in the 
biolistics assay and HR elicitation by X. campestris pv. vesica- 
toria cells in pepper plants carrying the Bs3 R gene, and both 
of these abilities can be restored by substitution of the simian 
virus 40 large-T antigen NLS (72). These results suggest that 
the Bs3 product must also be localized to the nucleus, but 
because this R geue has not been cloned* this awaits confirma- 
tion. 

Gaps in our knowledge of the Hrp pathway and the Inven- 
tory of its protein traffic* Although the rings of evidence that 
the Hrp system transfers Avr proteins into plant cells are 
collectively strong* there are formal gaps in each, (i) In the 
system explored in the most detail, AvrPto-Pto, physical inter- 
action between the bacterial and plant proteins has not been 
demonstrated in vivo, and a second host protein, Pif, is re- 
quired for AvrPto-Pto-mediated HR elicitation* Furthermore, 
ail of the other cloned plant R genes that interact with known 
bacterial avr genes resemble Prf (a nucleotide-binding site 
leucine-rich repeat protein) rather than Pto (a kinase) (68), (h) 
R proteins appear to be present at vanishingly low levels, and 
none has been directly observed in the cytoplasm, although 
RPS2 localizes to the cytoplasm-equivalent fraction in a rabbit 
reticulocyte dog pancreatic microsome in vitro translation- 
translocation system (47) > (in) Simiiarfy, Avr proteins appear 
to be effective at vamshingry low levels (28) and immunogold 
labeling and election microscopy of infected plant tissues has 
revealed their presence only in bacterial cells (13, 87), (iv) 
Finally, no Avr protein has been directly shown to be translo- 
cated out of the bacterial cytoplasm in culture by the Hrp 
system* It is worth noting that the A tumefaciens VirE2 protein 
has never been observed to be transferred into plant cells, 
although the indirect evidence for its action within plant cells 
seems irrefutable (89). 

Many (if not most) of the genes encoding proteins that are 
transferred into plant cells by these bacterial pathogens prob- 
ably await discovery. Systematic completion of the inventory is 
thwarted by two problems. First, the contribution of the genes 
to virulent interactions may be too subtle for detection in 
mutant screens, and cognate R genes that would reveal Avr 
phenotypes when the bacterial genes are heterologously ex- 
pressed may be unknown or nonexistent Second, no plant 
signals or regulatory mutants have been found that permit 
bacteria to secrete these proteins in culture, although harping 
pilins, and possibly other proteins that serve the type III se- 
cretion system are secreted in culture. A critical feature of the 
type Ul protein secretion system m Yersinia spp. is its capacity 
to withhold full secretion of virulence proteins until contact 
with the host cell (1 8). The fact that nonpathogens carrying the 
pHIRll functional hrp cluster secrete HrpZ but not AvrB in 
culture (28) indicates that the genetic information for this 
expected regulatory step is carried within the hrp cluster and is 
therefore subject to discovery through systematic analysis of 
the hrp genes, Obtaining Avr protein secretion in culture is 
important because (i) it is likely to be associated with struc- 
tures that normally are used to peaetrate the plant cell wail 
(and possibly trigger host cell endocytosis) and therefore will 
yield clues to the transfer process and (ii) it will allow proteins 
targeted to the host to be systematically characterized through 
identification of novel proteins in the medium. The exploration 
of DNA sequences flanking hrp clusters also should be useful 
in this search because of the growing evidence that these re- 
gions arc enriched in genes whose products probably travel the 
Hrp pathway (51, 53* 54). 

A new designation for effector proteins that are delivered by 
the Hrp system to plant cells would be useful: Avr appears 
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to be inappropriate because some of the encoding genes 
may have ao Avr phenotype and Che primary taction of Avr 
proteins is almost certainly in virulence not °£ 
proposal is to designate new members of this class Hop (Jfrp- 
dependent outer protein) and to add a four-letter nrib ; iden- 
flMna the bacterial species, pathovar, and gene, based on the 
current system for uniform nomenclature of avirulenw genes 
a 15\ For example, the gene encoding a newly found P. 
Iringae pv. syringae protein in this class would be designated 
ZvPsylki is analogous to the Yop (Yersuna outer protein) 
designation for proteins secreted by the prototypical Ytmma 
tvoe in secretion system but is broadened here for consistency 
with the use of Hrp and Avr for plant pathogens in all genera. 

A NSW PARADIGM AND FUTURE EXPLORATIONS 

Pathogenesis based on the Hrp delivery of Avr-lifce (Hop) 
proteins into host cells (depicted in Fig. 2) provides a simple 
and unifying explanation for many characteristics of plant 
pathogenic Erwinia, Pseudomonas, Xanthamatw, and KoiiM- 
nia spp (2) These include the one-to-one relationship be- 
tween bacterial cells and HR-responding plant cells (expected 
with contact-dependent secretion), the gene-f or-gene ^ interac- 
tions of pathogen races and host cultivars (expected if avr and 
R eene products can directly interact within host cells), and the 
enormous diversity in host range and other Pyogenic at- 
tributes among closely related strains (expected with a pool of 
horizontally transferable and interchangeable genes whose 
products can either promote or betray parasites m cocvolvmg 
hosts). The latter point is particularly relevant to P - OT« 
and X campestris, whkh are divided into more than 40 and 140 
pathovars, respectively. And it is consistent with the location ot 
many avr genes on plasmids and the ability of avr genes to 
function with heterologous Hrp systems (20). In this regard 
one potential difference between the type IE systems of animal 
and plant pathogens is noteworthy. In animal pathogen type Ul 
systems, the secretion of many effector proteins requires cus- 
tomized chaperones, which are often encoded by genes linked 
to effector genes (76). The abUity of many isolated avr genes to 
function heterologously in other pathogens or in nonpathogens 
carrying the pHIRll functional hrp cluster suggests that Aw 
protein delivery does not require specific chaperones or that a 
promiscuous chaperone gene exists within the hrp cluster. 

This new model of plant pathogenicity invites several fun- 
damental questions in plant pathology and pathogenic micro- 
biology in addition to those discussed above regarding the Hrp 
system and the identification of its traffic How do Hrp-dehv- 
ered proteins alter host metabolism to promote bacterial 
growth in plant intercellular spaces? How is host specificity 
determined at the pathovar-host species level? That ts, are 
flvr-jR gene interactions important here also, as suggested by 
the discovery of novel avr genes through expression in heter- 
ologous pathovars (44, 83), or do Avr-like proteins have im- 
portant positive effects in bacterial adaptation to host species.' 
Given the use of homologous secretion systems, how similar 
are the functions of the virulence proteins that plant and ani- 
mal pathogens transfer into their hosts? Sequence similarities 
involving secreted Yersinia proteins have been noted only be- 
tween YopN and YopJ and the E. amytovora HrpJ and X 
campestris pv. vesKatoria AvrRxv proteins, respectively (10, 
46). Since YopN appears to be an extracellular component of 
the secretion system and the effector activity of YopJ is un- 
known, this key question remains unanswered. Further com- 
parisons should give us a broader perspective on the evolution 
of bacterial pathogenicity and may lead to unanticipated con- 
trols for diseases of both plants and animals. 
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Isolation of the hreX Gene Encoding the HR EBcitor Harpin (Xcp) from J"**** 

pelargonu. S. SWANSON and Z-M. Wei. EDEN Bioscience Corporation, BoflieU, WA 98011 USA. 
Phytopathology 90-.S75. Publication no. P-2000-0537-AMA. 

This study reports the isolation of a gene encoding a proteinaceous HR elicitor from Xanthomonas 
camvestris pv pelargonii, Xcp. The HR elicitor exhibits a high potency for eliciting HR m tobacco. 
Tre^jentrf the X^HREUdtor with proteases resulted m 

oliaonucleotides were designed based on amino acid sequences obtained from the purified HR ehcitor 
and used to screen a Xanthomonas campestris pv. pelargonii genomic library. An open reading frame, 
ORF was identified consisting of 381 base pairs that encoded a protein of 126 amino acids. The OR* 
initiated with a typical methionine start codon and was preceded by a putative ribosome-bmdmg site. 
The ORF was debated as the hreX gene, encoding the HR elicitor harpin (ftp). HreX has a molecular 
weight of 13.3KD, a theoretical pi of 3.8 and is glycine rich. Further studies of harpin (Xcp) and its 
bioactivity are currently underway. 
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Unified nomenclature for broadly conserved hrp 
genes of phytopathogenic bacteria 

Sir, 

Genes of plant-pathogenic bacteria controlling hyper- 
sensitive response (HR) eltcitaiion and pathogenesis 
were designated 'hrp* by Undgren et ai. m 1986 (J Sac- 
teriol 188: 512-522). hrp genes have been characterized 
in several species of foe four major genera of Gram- 
negative plant pathogens, Erwinia, Pseudomonas, Pa/- 
stonia {a new proposed genus including Pseudomonas 
solanacearum) and Xanthomcnas. To date, hrp genes 
have been found mainly in large clusters, and they have 
been shown to be conserved physically and, in many 
cases, functional^ among different bacteria. Hybridization 
studies and genetic analyses have revealed the presence 
of functional hrp genes even In species that are not typi- 
cally observed to elicit an HR d such as Erwlnia chrysan- 
themi and Erwinia stewarth] suggesting that hrp genes 
may be common to ail Grarrmegatiye plant pathogens, 
possibly excluding Agrobacteriumspp* Current knowledge 
of hrp genes has been reviewed by Bonas (1 994, Curr Top 
Microbiol Immunol 1 92: 79-98) and by Van Gijsegem etaL 
(1995, in Pathogenesis and Host-Parasite Specificity in 
Plant Diseases: Histopathdogicai, Biochemical, Genetic 
and Molecular Basis. Volume 1. (Kohmoto et aL eds); 
Oxford: Psrgamon Press, pp. 273-292). 

The nucleotide sequences of four hrp gem clusters, those 
of Palstonia solanacearum {previously P solanacearum) 
{Genin er at, 1992, Mo! Microbials: 3065-3076; Gough et 
aL t 1992* Mot Plant-Microbe interact 5: 384-389; Gough 
et ai, 1993, Mot Gen Genet 239: 378-392; Van Gijsegem 
etaL* 1995, Mof MicrorM 15: 1095-1114), Erwinia amyto- 
vora (Bogdanove et a/., 1996, J Bacterid ttB: 1720-1730; 
Wei and Beer, 1993, J Bacterid 175; 7958 -7967; Wei and 
Beer, 1995, J Bacterid 177: 6201-6210; Wet et a£ f 1992, 
Science 257: 85-88; S. V. Beer, unpublished), Psoudomo- 
nas syringae pv. syringae (Huang et al l 1992, J Bacterid 
174: 6878- 6885; Huang et al. t 1993, Mot Plant-Microbe 
/nfe/acfS: 515-520; Huang etaL, 1995, Mol Plant-Microbe 
interacts: 733-746; Lidefi and Huteheson, 1994, Moi Plant- 
Microbe Interact!: 488-497; Preston etaL -{995, Mol Plant 
Microbe interact 8; 717-732; Xiao ef si, 1994, J Bacterial 
176: 1025-1036), and Xanthomcnas carnpestris pv. wes/- 
oatoria (Fenselau eta/., 1992, Mo/ Plant-Microbe Interact 
5: 390-396; Fenselau and Bonas, 1995, Md Plant 
Mfcrobe interact 8: 845-854; U. Bonas, unpublished)* 
have been largely determined. These dusters each contain 



more than twenty genes, many of which encode compo- 
nents of a novel protein-secretion pathway designated 
■type lir* it has been shown directly that various extraeeiiu- 
lar proteins involved in pathogenesis and defence eiicita- 
Uon by plant-pathogenic bacteria utilize this pathway 
(ArEat et ak 1994, BMBO J 13; 543^553; He et aL 1993, 
Cstf 73; 1255^1266; Wei and Beer, 1993, ibid,), and the 
pathway is known to function !n the export of virulence fac- 
tors from the animal pathogens Salmonella tyj^tmurtum, 
Shigella flexneri, and Yersinia entervdiiica, Yersinia 
pestis, and Yersinia pseudotuberculosis (for reviews, see 
Saimond and Reeves, 1993, Trends Biochem Sd 18: 7- 
12; and Van Gijsegem er ai„ 1993, Trends Mterobid 1: 
175-180). Nine type III secretion genes are conserved 
among ail four of the plant pathogens listed above and 
among the animal pathogens. Based on sequence analy- 
sis and some experimental evidence, they are believed to 
encode one outer-membrane protein, one outer-mem- 
brane-assoctated lipoprotein, five inner-membrane pro- 
teins, and two cytoplasmic proteins, one of which is a 
putative ATPase, All of the predicted gene products, 
except the outer-membrane protein, show significant simi- 
larity to components of the flagellar biogenesis complex 
(for reviews see Blair, 1995, Anna Rev Microbid 49: 
469-522; and Bisehoff and Ordal, 1992, Mof Microbid 6: 
23-28). We herein refer to the ftrp-eneoded type III path- 
way as the 'Hrp pathway*. 

Because hrp genes have been characterized indepen- 
dently in diverse r^ant-pattiogenfc bacteria, hrp gene 
nomenclature drffers in different species, and it is not 
always consistent even within the same organism. Dif- 
ferent designations are used for homologous genes, and, 
even worse, the same designation is used for different 
genes in different organisms, For exampie, hrpt of E 
amyiovora is homologous with hrpC2 of X. carnpestris 
pv. vesicatoria and hrpO of PL solanaceawm, and the 
homologue in P. syringae pv. syringae appears in the 
literature both as top? and as hrpJ2. Also, *hrpN' in P sola- 
nacearum designates a secretion-pathway gene,, whereas 
in £ amyiovora, 'hrpN* designates the gene encoding the 
eiicitor harpin. Furthermore, in many bacteria the number 
of known hrp genes approaches 26, In anticipation of 
exhausting the alphabet, some authors chose to designate 
hrp genes with a letter and a number, creating the potential 
for confusion of distinct genes with alleles of the same 
gene. For hrp gene researchers, the current nomenclature 
Is at best inconvenient; for other scientists, it is bewildering. 

Another problem exists; accumulation of knowledge 
about the structure of hrp ktci has outpaced the accumu- 
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iaiion of information regarding the specific functions of indi- 
vidual genes. Typically, hrp loci have been Identified by 
polar, transposes mutagenesis. Conceivably, a particular 
gene within an operon required for the Hrp pbenotype 
may not be a strict Hrp determinant, but may play a 
more subtle role. Moreover, even phenotypes of mutations 
in wefi-characrterized hrp genes are not the same in ail 
pathogens. For example, although tie hrpN gene of E. 
amylovora is required for pathogenesis of pear fruit r the 
homologous gene in £ steward {D. L Coplin, unpublished) 
Is dispensible for pathogenicity of corn, in the macerogenic 
bacterium £ chrysanthem even polar mutations that dis- 
rupt hrp secretion altogether only reduce the apparent fre- 
quency of successful infection initiatbn (Bauer era/,, 1 994, 
Mot Plant-Microbe Interact 7: 573-581). Thus, the desig- 
nation 'hrp 9 in its strict sense, Le M meaning required for 
the HR and pathogenicity, is not uniformly applicable. 

At the 7th International Congress on Molecular Plant- 
Microbe Interactions held tn Edinbur#i, Scotland in 1994, a 
committee of hrp researchers and others was formed to 
address these problems. We, the committee members, 
agreed upon a system to standardize names for the subset 
of hrp genes that are broadly conserved, and agreed to 
broaden tie definition of the 'top' designation, as fbtovs. 

For the subset of hrp genes that are broadly conserved, 
the new, unique, lower-case symbol *hn? wifl be used. The 
*ht' of hrp has been retained in order to evoke that name, 
and tie l <f has been added to denote 'conserved/ The 
upper-case designations will correspond to those of the 
type ill secretion genes of Yersinia spp. (for a review, 
see Forsberg eta!. r 1994, Trends in Microbiol 2: 14-19), 
yscC, yscJ t yscN t yscQ-U t and tarO, except that tie fcrO 
homoiogues will be designated TmrV" to avoid confusion 
of these as homoiogues of yscD, which is another, less 
well-conserved type ill gene of Yersinia spp. We request 
that Yersinia researchers omit the letter *V in naming 
any new ysc genes that might be discovered. The ysc 
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nomenclature was chosen as a standard for revising hrp 
gene names for its convenient uniformity, and because, 
of all the genes that comprize the several known type HI 
systems, the Yersinia genes show the highest degree of 
sequence similarity to the type 111 {hrp) genes of plant 
pathogens. The new names for the nine genes are given 
in Table 1 , along with tie current names in ft so/ana- 
cearum, £ arnyiovcra, P. syringae pv, syringae, and X. 
campestris pv. vesicatoria, and the names of homoiogues 
involved in flagellar biogenesis. 

In designating genes as 7vc\ i broady conserved 4 genes 
were defined as being present among the hrp genes of at 
least one representative species of each of tie four plant- 
pathogenic genera discussed here and among the type ill 
genes of each of the animaHjaftogenic species S. 
typNrwrhm S. fiexnea and the three yersinias Gene 
families were defined based on pairwise sequence align* 
ments. Any two genes were considered homologous if a aesr- 
er alignment (Devereux et at., 1 984, Nuct Acids Res 12: 387- 
395) of the predicted amino acid sequences using default 
parameters yielded a qua&ty score at least five times the stan- 
dard deviation above the mean quality score of 100 align- 
ments, for each of which one of the sequences had been 
randomized prior to alignment (Doolitile, 1986, Of URFs and 
ORFs: a Primer on How to Analyse Derived Amino Add 
Sequences. Mil Valley, California: University Science Books), 

Genes that old not meet the criterion for tie 'hrv' designa- 
tion will remain *hrp\ We have chosen to use this criterion 
until more data regarding structure and precise function of 
tie products of the hrp and other type HI genes becomes 
available. Some of the genes that did not meet the criterion 
in feet may be common to Raistonia, Erwinia, Pseudo- 
monas, and Xanthomonas, and have homoiogues in the 
animal pathogens, yet may be sufficiently diverged to 
obscure obvious homology by direct sequence compari- 
son. As structural and functional data accrue, such rela- 
tionships may become clear, and the list of hvc genes 



Table 1* Current names and new, unified names for the broadly conserved hrp genes of ft sotanacearum, £ amytovora, p. syringae pv. syringae, 
and X campestris pv. vesicafaria. Homoiogues that function in flagellar biogenesis are given in the bottom row. 



Unified 


hrcC 


rmJ 


hrcN 


hrcQ 




hrcS 


htcT 


hrcU 


hrcV 


ft sotanacearum* 
£ amyiovom b 
P. syringae* 
Jt c&inpestris* 
(Flagellar) 3 


hrpA 
hrcC 
hrpH 

hrpA1 


topi 

hrcJ 

hrpC 

hrpB3 

fftf 


fap£ 

htcN 

hrpJ4 

tifpBB 

ffl 


hrpQ 
hrcQ 
hrpU2M 
hrpDl 


hrpT 

hrpW 
tvpDS 


hrpU 
hrcS 
ftrpO 
ttrpOa 

m 


htpC 
htcT 
hrpX 
htp&S 

m 


hrpN 
hrcU 
ftrpY 
hrpCi 

mB 


hrpO 

(hrpf) rvcV 
(hrpJS)hfpf 
hrpC2 
fihA 



a, Gougri stal* 1992, ibid; Gough eteL, 1993, ibid; Van Gijsegem eiaL t 1995, fold. 

b. Bogdanove ef aL, 1996, tbfct; Wa and Beer, 1993, Bad.; S. V. Beer, unpublished. 

cl Huang etaL r 1992, tbid,; Huang ef af„ Mot Rant-Microbe Interacts 515-520, 1993; Huang et at., 1995, ibid,; Lideif and Hutcheson, Afaf Plant- 
Microbe lnieract7'. 438-*97, 1994; Preston ef at, 1995, ibid. The predicted produci of tvpU? aiigns with the N-terminaf two-thirds of a muftipte 
aiignmeni o* the other plant- and animal-pathogen homoiogues; that of hrpU aligns with the remaining N-termteaJ one^thtnd. Respectively, these 
genes will be designated 'hrcO^ and r ftre<V 

d, Fenselau etal., 1992, ibid-; Fense&u and Bonas, 1995, ibid.; U. Bonas, unpublished, Hwang el at, {1992, J Bacterid 174: 1923^1931) pubfehed 
the sequence of two genes from Xanthotmnas campestris pv. glycines, designated <ORF1 ' and ORF2/ that are homologous to hrp01 and hrpDS of 
X eanipesirjs pv. vestcatoria, respectively. 

e. For reviews, see Blair {1996, ibid.) and Bischoff and Qrdal (1992, ibkl). 
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may grow. For any new hrp genes that may be discovered, 
we recommend the strict, sequenee-alignment-based cri- 
terion for use of the Vwc 1 designation until sufficient struc- 
tural and functional studies can be completed. 

Some hrp genes are conserved only within subgroups of 
plant pathogens. One example is the regulatory gene hrpB 
of R sotanacearum {Genin et ai t 1992 t ibid.). This gene, a 
member of the araC family, is present also in pathovars 
of X. campestrls (Kamdar et aL, 1993, J Bacterid 175: 
2017-2025; Kamoun and Kado, 1990, J Bacterid 172: 
5166-5172; U. Bonas, unpublished), but absent from the 
hrp gene dusters of R syringae and E amyfovora, which 
contain regulatory genes that are members of the two* 
component regulatory-system family (Grimm et a/,, 1995, 
Mof Microbiol 15: 155-165; Grimm and Fanopoulos, 
1989, J Bacterid 171: 5031-5038; Xiao et a/„ 1994, 
ibid.; S. V. Beer, unpublished). As another example, the 
hrp gene clusters of R syringae and E amytovora each 
contain a homofogue of the Yersinia gene yopN (Bog- 
danove et ai, 1996, ibid,), yet no homologue of this gene 
has been found in ft sotanacearum or X carnpestris. It 
is noteworthy that the genetic organizations of the hrp 
gene clusters of X carnpestrts and ft sotanacearum are 
quite similar to, yet distinct from, those of R syringae 
and E amytovora, which resemble one another. We will 
not attempt a nomenclatural revision here for any of the 
non-te genes, but we encourage authors, wherever pos- 
sible, to standardize names for such genes, at least within 
these subgroups, by using conventional rufes for bacterial 
genetic nomenclature, including priority of publication, 
as a basis for naming homologues {Demerec et at., 
1966, Genetics 54: 61-76}, Although the same name 
might be used for different genes across subgroups, stan- 
dardized names and the similar genetic organizations 
within the subgroups should greatly facilitate comparative 
studies and application of information teamed in one 
species to the study of another. 

As for the definition of the l hrp* designation, rt now may 
include not only genes with a Hrp phenotype, but any gene 
associated with the Hip pathway by function, homology, or 
location within a gene cluster or operon that is essential for 
the Hrp phenotype. We view use of me 'hrp' designation in 
this larger sense as elective rather than mandatory. For 
example, the designation 'hpa' has been used for Hrp- 
associatod genes shown not to have a strict Hrp pheno- 
type in ft sotanacearum (Gough et a/., 1993 t ibid.}- in 
order to minimize confusion in the literature, we propose 
that this designation be maintained for such genes in this 
organism and In X campestris. However, for R syringae 
and the erwiniae, in which gene phenotypes may differ 
from species to species, we propose a unified nomencla- 
ture based on the more inclusive definition of hrp genes 
presented here. We hope that this broadened definition 
will help us to gain a focussed understanding of tie key 

<E) 1936 Btackweii Science Ltd, Motecufar ?&cmtiiakx?y, 20, 661-063 
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elements underlying the varied and intricate interactions 
of bacteria with plants. 

For convenience, and because 'hrc' represents a subset 
of hrp genes, hrc and hrp genes collectively will be referred 
to in general discussion as l hrp\ as in the phrase 'the hrp 
genes of phytopathogenic bacteria/ The combined desig- 
nation A hrp/c' may be used to specify a small group of 
genes, e.g. 'The genes are arranged co-linearly with 
their hrp/c homologues in Xanthomonas campestris pv, 
vestcatoria* Operons containing hrc genes still may be 
referred to as l hrp' operons. When discussing homologues 
with the same name {hrp or hrc) from more than one plant 
pathogen, distinctions can be made where necessary 
using abbreviations for the names of the different bacteria 
subscripted to the gene name. 

The unified nomenclature for conserved hrp genes will 
benefit research in several ways. It makes the known 
homologies among plant pathogens explicit it provides 
for easy cross-reference to other systems, particulary 
that of Yersinia spp. It facilitates writing and speafgng 
cogently about hrp genes. Finally, it transforms a pre- 
viousiy confusing jumble of gene names into a well- 
ordered catalogue, which is an accessible reference not 
only for hrp researchers, but also for those studying 
other type III secretion systems. 
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Two novel regulatory components, hrpX nd hrpY, of the 
hrp system of Erwinut amylovora were identified. The 
fcpAToperon is expressed in rich media, but its transcnp- 
tion is increased threefold by low pH, nutrient, and tern- 
perature levels-conditions that minuc the plant apoplast 
hrpXYis antoregnlated and directs the expression of hrpLi 
hrpL, in turn, activates transcription of other loci in the 
S gene cluVter (Z.-M. Wei and S. V. Beer, J. BactenoL 
177-6201-6210 1°95). The deduced ammo -acid sequences 
of hrpX and hrpY are similar to bacterial two-component 
r«Sors including VsrA/VsrD of Pseudomonns 
SS soZaceJum, DegS/DegU of BaciUus subM^ 
and tlhpB/UhpA and NarX/NarP, NarL * 
coff The N-terminal signal-input domain of HrpX con- 
tains PAS domain repeats. hrpS, loca *^ 
fcrnXy encodes a protein with homology to WtsA (HrpS) 
SSffiLJ**^ HrpR and HrpS of 
monas syringae, and other ^-dependent, enhancer- 
b«Xg jSns. Transcription of also is induced 
under conditions that mimic the plant apoplast. However, 
hrpS is not autoregulated, and its expression is not affected 
byhrpXY. WhenA^S or hrpL were provided °n^t,cop, 
piasmids, both hrpX and hrpY mutante recovered the aba- 
ity to elicit the hypersensitive reaction ,n tobacco. This 
confirms that hrpS and hrpL are not epistatic to hrpXY. A 
Sdrf the reguJatory cascades leading to toe mducnon 
of the E. amylovora type HI system is proposed. 
Additional keywords: fire blight, pathogenicity, virulence. 



EM amylovora is the causal agent of the fire blight dis- 
ease of many rosaceous plants including pear and apple (van 
der Zwet and Beer 1999). The bactenum infects blossom* 
leaves, succulent shoots, and immature fan*. Symptoms of 
the infected plants include water soakmg and discoloration, 
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followed by necrosis. Sometimes the disease kills whole trees 
or substantial portions, resulting in devastating economic loss, 
in nonhost plants such as tobacco and Arabidopsis, the bacte- 
rium elicits the defensive hypersensitive reaction (HR), which 
is characterized by rapid, localized, cell death {Goodman and 
Novacky 1994). For infection and HR induction, genes gener- 
ally called hrp {hypersensitive response and pathogenicity; see 
Alfano and Collmer 1996 for a review) are essential. 

The hrp gene cluster of E amylovora Ea321 has been 
cloned in several cosmids and enables nonpathogenic bacteria 
such as Escherichia coli to elicit the HR in plants (Beer et al. 
1991). According to phenotypic analyses of mutants, hrp 
genes of & amylovora are localized within a 25-kb region of 
DNA, consisting of at least eight transcriptional units (Wei 
and Beer 1993), Sequence analysis (Bogdanove et aL 1996; 
Kim et al, 1997) indicated that the majority of hrp genes en- 
code proteins that are thought to be components of a special- 
ized protein secretion apparatus called the type HI pathway 
(Hrp pathway for plant pathogens) (Galan and Bliska 1996), 
Several proteins including harpins (HxpN and HrpW) and a 
pathogerricity/avirulence protein .CDspE) have been shown to 
be secreted via the pathway (Bogdanove et al. 1998a; Kim and 
Beer 1998; Wei and Beer 1993). 

Transcriptional expression of hrp genes is induced under 
conditions similar to the environment of the plant apoplast 
low carbon and nitrogen, low pH (5*5), and low temperature 
{18°C) (Wei et al. 1992). Two independent loci, complemen- 
tation groups IV and V, in the hrp cluster were found to have 
regulatory function {Sneath et al. 1990; Wei and Beer 1993, 
1995). Mutations in these loci abolish harpin production and 
the HR-eliciting and disease-causing abilities of £ amylovora 
(Wei and Beer 1993). Preliminary sequence analysis indicated 
that one of them (group EV) contains a gene called hrpS 
(Sneath et al. 1990) that encodes a protein similar to tr 4 - 
dependent transcriptional activators (Morett and Segovia 
1993). Complementation group V encodes hrpL (Wei and 
Beer 1995), which is homologous to genes encoding members 
of the 'EOF subfamily of eubactcrial sigma factors (Lonetto et 
al. 1994)* HrpL recognizes conserved promoter sequences 
called "hrp boxes" (Xiao and Kutcheson 1994), and directs 
the transcription of other pathogenicity genes including hrp 
secretion operons (hrpA, hrpC, and hrpJ) (Wei and Beer 
1995), harpin genes {hrpN and hrpW) (Kim and Beer 1998; 
Wei and Beer 1995), and a disease-specific locus (dspEF 
[Bogdanove et al. 1998b]; dspAB [Gaudriault et aL 1997]). 
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Here we report the charactedzatiOE of two new regulatory 
genes, designated hrpX and hrpY, and the further analysis of 
hrp$* hrpX and hrpYaxc present in an operon situated between 
hrpS and krpL Analysis of deduced protein sequences sug- 
gested that they constitute a two-component regulatory com- 
plex; HrpX functioning as a sensor and HrpY as the response- 
regulator partner of HrpX. hrpX, hrpY, and hrpS are compo- 
nents of a complex regulatory network that leads to activation 
of hrpl and eventually other genes in the hrp cluster of £ 
amyiovom. 

RESULTS 

Identification and sequence analysis of the hrpXY locus* 

Previous studies have identified several loci, including 
hrpC, hrpA> hrpS, hrpU and hrp J, that are essential for the 
Hrp phenotype (Bogdanove et at. 1996; Kim et al 1997; Wei 
and Beer 1993, 1995} (Fig- 1A). freHminary genetic analysis 
of pCPP430 in Escherichia coli suggested the presence of a* 
new locus, between hrpS and hrpL, that also is required for 
the Hrp phenotype and contains novel regulatory components. 
We have designated this locus hrpXY. 

A 3.4- kb BglE- and Clol-digested fragment of pCFP430 
was cloned into pBIuescript KS*f, resulting in pCFPlI78, The 
sequence of the insert of pCPPU78 revealed two tightly linked 
open reading frames (ORFs) between hrpL and hrpS that are 
capable of encoding proteins of 495 and 213 amino acid resi- 
dues, respectively (Fig, IB). These ORFs were named hrpX and 
hrpY, respectively Potential ribosome-binding sites, AGGAG 
and TGGAA, were found 5 and 7 bp upstream of the hrpXand 
hrpY start codons, respectively, Although the ribosome-bind- 
ing site ahead of hrpY weakly matches the consensus sequence, 
we assume it is sufficient for translation of hrpYx only a 4-bp 
space exists between the hrpX stop codon and hrpY start 
codon and translation^ coupling is plausible. To confirm that 



the hrpX and hrpY ORFs produce proteins, pCPPll78 was 
placed in a gene expression system mediated by the T7 UNA 
polymerase. Two distinct protein bands were visible following 
sodium dodecyl sdfate»-polyacrylamide gel electrophoresis 
(SDS-PAGE). The apparent molecular masses of HrpX and 
HrpY were about 50 and 25 kDa, respectively (data not shown), 
close to the sizes expected from the deduced amino acid se- 
quences* 

The start codon of hrpX is located 146 bp downstream of 
die hrpL stop codon, and a promoter prediction program (see 
Materials and Methods) identified two putative a 70 promoter 
sequences, TAGACG-N ir TAAAGT (score from promoter pre- 
diction by neural network = 0.97) and TTGCAA-N I6 -CCTAAT 
(score ~ 0,95), ill and 33 bp upstream of the hrpX start 
codon, respectively. There is a 361-bp noncoding region be- 
tween hrpY and hrpS. Palindromic sequences that may serve 
either as targets of regulatory components or as transcription 
terminators, GTAAACANTGTTTAC and GGATAAAATGG- 
TTGTGG-Nr^CGClTCCArnTArCC, were identified in the 
hrplrhrpX and hrpY-hrpS intergenic regions, respectively. The 
tight linkage of hrpX and krpY, and the existence of long non- 
coding areas and inverted repeats upstream of hrpX and 
downstream of hrpY, suggest that the two genes form an op- 
eron. 

HrpX and HrpY constitute 

a two-component regulatory system. 

Comparison of the predicted amino acid sequences of hrpX 
and hrpYvstih sequences in the data bases revealed significant 
similarities with many two-component regulatory proteins. 
The homologs include VsrA/VsrD of Pseudomonas (now 
Ralstonia) solanacearum, which regulate virulence gene ex- 
pression (Huang et at 1995b); UhpB/UhpA of Escherichia 
coli, which participate in the regulation of sugar transport 
(Friedrich and Kadner 1987); NarX/NarP,NarL of Escherichia 
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call, which are involved k the regulation "£ 
ratory gene expression (Rabin and Stewart 1993), and 
DeJ/EtegU of Bacillus subtiUs, which are invoked in extea- 
«UuW eSyL production (Kunst et al. 1988) <Pg. 2; Table 
1) radditiZHrpY showed high sequence sirmlanty -J 
rLay other transcriptional activators including ExpA of £ 
S**™ (33% identity), which is involved m global control 



of virulence (Eriksson et al. 1998); UvrY of Escherichia coli 
(33% identity) (Sharma et al. 1986); SirA of Salmonella ty- 
phimurium (32% identity) (Johnston et aL 1996); and GacA of 
several animal- and plant-associated Pseudomonas spp. (29 to 
30% identities) (Laville et al. 1992). 

The high sequence similarity of HrpX with hisudine kinases 
suggests that HrpX is a sensor. HrpX has the conserved His 
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residue for autophosphorylation and a hydrophobic domain that 
may enable the protein to be transiently associated with the cy-. 
toplasnric membrane (Bg. 2B). The C-tennimal putative trans- 
mitter domain (residues 273 to 494) of HrpX shows most snm- 
larity to the kinase domains of the sensor proteins listed in Table 
1- the N-terminal putative input domain of HrpX shows similar- 
tw to PAS domains (Zhulin et al. 1997) of Methanobacterium 
ihermoautotmphicum, Azotobacter vinelandU, and other organ- 
isms Several PAS-containing proteins are sensors of bacterial 
two-component systems. The PAS domain typically consists of 
two direct sequence repeats (PAS- A and PAS-B), and each re- 
peat contains two highly conserved regions called S, and Sa 
boxes (Zhulin et al. 1997). In the case of HrpX, the second re- 
peat (PAS-B) seems imperfect (Fig. 2B). Based on ScanProsite 
analysis (Appel et al. 1994), another feature of HrpX wrth un- 
known functional relevance is a putative tyrosine tanase phos- 
phorylation site (PROSITE:PS00007). 

HrpY appears to be a response regulator with a putative re-, 
ceiver domain at the N terminus (up to 102 amino acid rest- 
dues) and a DNA-binding domain at the C terminus (Fig.2A). 
As shown in Figure 2C, HrpY contains the conserved Asp 
residue, which may be phosphorylated by the sensor, and the 

Table 1. HrpX and HrpY of Erwwia amyhvora compared with two- 
componedt regulatory proteins (sensors/response regulators) of other 
bacteria 



Bacterium 



Protein Amino acids % Identity* 



Trvinmamylovom HrpX/HrpY 494/213 - 
Escherichia coti S 3^8 

gas assess™ s» 

~* Identities from a BLASTP search of HrpX and HrpY with default 
pLuLters, except for no filtering for low complexity -gior^ Only 
ST^mitter domain of HrpX (residues 273 to 494) was used for 
comparisons with other sensor proteins. 
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helix-tum-helix DNA binding motif. HrpY also has a se- 
quence that matches the Myc-type helix-loot>helix dnncriza- 
tion domain signature (FROSITE:FS00G3o), the functional 
significance of which remains to be tested. 

Genetic characterization of hrpX and HrpY* 

The hrpXY locus in pCPP430 was mntagenized with trans- 
posons Tn5-gusAl and TvphoA. Derivatives of pCFP430 
cODtaining the transposon insertions were marker-exchanged 
into the genome of £ amylovora Ea32L All hrpY mutants of 
Ea321 failed to elicit the HR in tobacco and to infect imma- 
ture pear fruits (Fig, 3A)« Two classes of hrpX insertion mu- 
tants were obtained, Ea321-G15 and Ea321-G7, which were 
made with Tn5~gKiAJ, were similar to hrpY mutants in phe- 
notypes. Ea321~P7, an hrpXi'SizphoA mutant, caused slight 
tissue collapse in tobacco at higher inoculum dose and had 
low virulence in immature pears, rather than the strict Hrp~ 
phenotype (Fig. 3A), Specifically, tobacco leaves infiltrated 
with Ea321-P7 at > 5 x 10 3 CFU per ml developed a spotty 
HR 36 h after infiltration. Also, in immature pears inoculated 
with the mutant, bacterial ooze appeared 3 days later than in 
those inoculated with the wild type, and the population of the 
mutant recovered was only one-tenth of that of the wild type 
(data not shown). 

Virulence of the mutants was restored to near wild-type lev- 
els by providing the mutants with pCFP1178 in trans (Hg. 
3B). The hrpX;:Tn5-gusAl mutants of Ea321 were not com- 
plemented by pCPP117S-P4 that contains a transposon inser- 
tion in hrpY (Fig. 3B). This suggests that hrpX and hrpY are in 
the same transcriptional unit and the Tn5-gusAl mutations in 
krpX are polar. We found, however, that the hrpX::TiiphaA 
mutant Ea321-F? can be complemented by pCPPU78-P4, 
indicating that the TnpftoA insertion of hrpX did not affect the 
function of krpY (Fig. 3B). TnpfoA-induced mutations that 
permit the expression of downstream genes have been ob- 
served frequently in k amylovora (Z. Wei and S, V, Beer, 
unpublished data) and Fseudomonas syringae (Huang et al, 
1995a). Thus, we believe that the P7 insertion is noopolar and 
that the peculiar phenotype of the Ea321-P7 may reflect the 
function of hrpX* 

Ail the transposon mutations in the hrpXY locus were com- 
plemented by derivatives of pCPP430 with transposon inser- 
tions in hrpS or krpL (data not shown), confirming the sug- 
gestion from sequence analysis that hrpX and krpY constitute 
an independent complementation group. Based on results of 
sequence analysis and genetic characterization, we conclude 
(i) hrpXY is required for the Hrp phenotype, and (ii) hrpX and 
krpY constitute a two-gene operon, hrpXY* 

Expression of hrpXYvs environmentally regulated. 

A new construct, pCPF1203, was used to monitor expres- 
sion of the hrpXY promoter in a nutrient-rich medium and a 
minimal medium that induces the expression of hrp genes 
(Wei et aL 1992), pCPP1203 was derived from pCPP1178- 
G15 (fcrpX::Tri5-gu5AI) in which the directions of hrpX and 
gusA are the same. pCFPll78-G15 was digested with BawBL 
and Sad (an Sort site is present in the vector), which cuts out 
the hrpXY promoter region, a 5' portion of the hrpX coding 
region fused to Tn5-gusAl, and the whole transposon. The 
resulting fragment was then ligated to pCPP43, which had 
been digested with the same enzymes, pCPP43 (gift of David 
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W. Bauer) is a derivative of pOU61. which is a low-copy- 
number plasmid (approximately one copy per bactenum at 
30°CS {Larsen et al. 1984), 

In £ amyhvora and Escherichia coif, the hrpXY promo^ 
rected high levels of basal expression m Luna broth i (LB), tat 
expression of hrpX::Tn5-gusAl was enhanced threefold n the 
SSducing n^mal medium QM) (Table 2). Enhanced leveb 
ThrpXv.l^gusAl expression were also observed from assays ■ 
of the strains in tobacco leaves and immature pears (data not 
shown). No ^-glucuronidase (GUS) activity was detected for 
SLua c!u 80200^^1203) unless func,onal 
hrpXY was provided (Table 2). Su^^^al^vel ex- 
pLion of hvX^nS-gusAl of Ea321(pCPP1203) m TOteSt- 
Sably due to functional hrpXY present m the chromosome. 
Tte latter two observations indicate that fc^XY is also au- 
toregulated. 

hrpX and ArpY control the expression of hrpL. , 
To studv the effect of hrpX and hrpY on the control of hrpL 
^ZT£l,™-7usA1 fusion (PCPP139-G44) (Wei 
Star 995) was marker exchanged into an hrpX mutant 
ma321.PT) and an /irpK mutant (Ea321-P4), to generate topX- 
S and mutants Ea32l-P7G44 and 

Ea321-P4G44, respectively. Mutation in ArpK completely 
Polished hrpL expression (Bg. 4). However the ^ mu««t 
reduced ArpL expression only to about 20% of its wdd-type 
level, opening the possibiUty that the mutated HrpX may be 
still partially functional or another sensor protein may cross 
talk with HrpY. 

Analysis of the hrpS locus and the ORFs 

between hrpS and hrpA. , . _ , 

hrvS also partially controls hrpL expression m E anylo- 
v.™ aaHCa J downstream of hrpXY (Wei and Be* 
1995) We report here the entire nucleotide sequence of the 
region between hrpY and hrpA, which includes hrpS, to com- 
plfte the preliminary results on hrpS presented previously 

(S Tte^s1ocu! 0 of£. amylovora Ea321 contains a single-gene 
operon, Esed on me large in^rgenic rcgio^yond mc^hng 
regton of hrpS, and a potential terminator, CGGCGACAGC-Nr 
GCTGTCGCCG, that lies 49 bp downstream of the hrpS stop 
codon. The hrpS ORF is preceded by a potential remoter 
GTGGC A-N , g-TATTAC (score from promoter prediction by 
neural network = 0.96), and it encodes a 324 amino ^p^em. 
Wr*S has homology to members of the o^-dependent, enhancer- 
JSTpSS* (M-tt and Segovia 1993). tfrpS shows 
Wghest sequence similarity with WtsA (HrpS) of Envmta 
^P^anii (Frederick et al. 1993) (79% id£* ™ 
322 amino acid residues without gaps from BLAST?), HrpR 
~Z HmS of p wrings pathovars (51 to 55% identities) 
2 1995- Xiao en& 1994), and DctD of ' ttfata. 
pp. (39% identities) (Jiang « al. 989; Ronson et aL 198£ 
HrpS of E amylovora has two putative ATP-bmdmg sites at the 
XxJZ a helix-am-helix DNA-binding motif at £ C 
tenntous (Fig. 5A). HrpS shows high sequence sm^ty* 
other reguters in the NtrC family throughout theenQre o* 
n^todomain. However, similar to othet 
terns HrpS of E amyhvora contains a very short N-tennmal A 
SSnf WBgler 1996), and seems to lack the phosphorylation 
receiver domain {Fig. 5 A). 



In the region between hrpS and hrpA, three potential ^nes, 
designated orflJQ, orflll, and oifU2 (Fig. IB), were identified 
by application of me GeneMarLhmm algorithm (Liikashin and 
Borodovsky 1998). orfUO is a small ORF encoding a 46 amino 
acid basic protein, without significant similarity to any protein 
in the data base. Preceded by GGA.GT 8 bp uptieam, orfUl 
encodes a 203 amino acid basic protein that is similar to a con- 
served hypothetical protein HP1401 of Helicobacter pylon 
{32% identity over 164 amino acid residues with 12 gaps) (Hg. 
5B), Interestingly, protein sequence of the next ORF, orfU2 t 
shows even higher similarity to HP1401 (residues 189 to 229; 
41% identity without gaps). This suggests the possibiUty mat a 
frame shift in orfUl~orfU2 resulted in the two current ORFs, 
and that both may be defective. The lack of as obvious promoter 
in front of orflJO, the lack of good ribosome-binding sites in 
tot of orfUO and orfU2, the potential frame-shift mutation at 
the 3' region of orfUL and the lack of a phenotype of TuphoA- 
induced orflll mutants {data not shown) indicate that the region 
comprising orfU0-orfU2 is unlikely to be functional in Ea32L 

Expression of hrpS is not autoreg^ulated, and Induction 
of hrpS is independent othrpX or hrpY* 

An hrpS::gusAI fusion designated G107 (Wei et aL 1992) 
was used to assay the expression of hrpS. A fragment of 

Table % Expression of the hrpXY promoter in Uuia broth (LB) and in * 
^-inducing minimal medium (IM) 



GUS activity* 



Bacterial strain* 



LB 



242*12 788 * 32 
2±3 3±3 
145*19 878 * 33 



Erwinkt amylovora Ea321(pCPP1203) 
£ ccU S02OOA^(pCPFI203> 
E caU S02OO&itdA(pCP?l2O3, pCPFl 178) 

* £ coii S02OOAu«iA is an Escherichia coli strain with no ^glucuron- 
idase (GUS) activity due to deletion of gusA> pCFP!203 is a low-copy- 
number plasmid containing fcrpX::Tn5^usAi; pCPPlHS is a hsgh- 
copy-number plasmid containing-functional hrpX and Arpr* genes. 

b Picoumts per CFU; mean of three replicates ± standard deviation. 




Ea321-G44 Ea321-P4G44 Ea321-P7G44 

Genotype 

y * 

Fl* 4. Effect of mutations in hrpX and hrpY on expression of hrpL 
Gelotvpes of the strains are Ea32i-G44 t hrpLA^gusAl (Wei and 
Beer 1995)' Ea321-P4G44, hrpY^vphoA and ^J^:Tn5-gi«AJ; and 
Ea321-F7G44/^X::Tnp^A and hrpteTnS-gusAl . Error bars; stan- 
dard deviation from three replicates. Cells grown in inducing medium 
(IM) were assayed (see MateriaUand Methods for details). 
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pCFP430-Gl(X7 digested with BamHL contains the whole trans- 
pose*, the hrpS gene fused to TuS-gusAl, and the hrpS pro- 
moter region. This BamHl fragment was ligated with a iow- 
copy-number plasmid, pCPPS (Bauer 1990), that was cut with 
the same enzyme. The resulting plasmid was designated 
pCPP105S, As with hrpXY, expression of hrpS in Escherichia 
coli or in E. amylovora was induced under hrpAU\xcm% 
conditions (Table 3). However, autoregulation was not re- 
quired for hrpS expression; the presence of functional hrpS 
did not affect the expression of a hrpSngusAl toon m 
pCFP1058 (Table 3)- 



To determine whether the newly discovered two-component 
system has any effect on the expression of hrpS* an 
hrpS;:Tts5~gusAl fusion (pO>P430~G107) was marker-ex- 
changed into hrpX and hrpY mutants. Neither hrpX nor hrpY 
affected hrpS expression significantly (Fig. 6), 

krpS and hrpL, provided by multicopy plasmids, 
suppress defects in hrpX or hrpY. 

To further characterize the regulatory relationships between 
hrpXY, hrpS, and hrpU the HR-impaired strains Ea321-P7, 
Ea321-P4, and Ea32I-G107 were transformed with pCPP1178 



DctD-Rl* 
DctD-Rle 



HrpS-Esn 
VitsA-Est 
DctD-Rle 
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pytori, GENBANK:AE00064G; and FK07 1 2 of Pynjcoccw Awtfawfei, DDBJ: AFQG0QQ3. 
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(contains hrpXT), pCPPlOOl (cont^s WW***? 
1995) or pCPP1078 (contains hrpL) (Wei and Beer 1195). The 
Sting Snsfonnants were infiltrated into pane* of- totacco 
Sves to determine which, if any, of *e regulatory gen« 
ST present in multiple copies, are suffice Jo""* ** 
l£«tf5ting ability to the mutants Panels mffl^ted w«h 
ft™* and mutants containing hrpL developed the HR 
fSb A, oL faster than panels infitoted wtth tte 
tvK strata. The panels began to show collapse 8 to 2 h after 
by 24 h. the whole infiltrated area had collapsed m 
S 5 ThS result is consistent with dependence of 
^expression on hrpX and hrpY. Interestingly, sinnlar sup- 
pression was observed from hrpX and hrpY mutants contam- 
£Xk whereas A/pX and krpY did not restore the HR phe- 
notype of the hrpS mutant (Table 4). 



Table 3. Expression of the hrpS promoter in Lima broth (LB) and in 

A/p-inducing minimal medium (IM) 

" ~ ~~ ! ~ — ~ GUS activity* 



LB 



IM 



Bac terial strain* 

£. co (iS02OOAu«M(pCPPlO58) «±12 367±9 

£«KS02OOAuuiA<pCPPlO58,pCPPlOOl) 105 ±17 378 ±23 

£n™ta^W»E*321-G107 M 36±1 1M±3S 

EnvwiacmytovowEa321-G107(pCPP1001) 42±21 229±29 

*£. coU S02OOAitu£A is an Escherichia colt strain wife no (J- 
Etocuronidase (GUS) activity due to deletion of gusA, Erwinia amflo- 
vora Ea321-Gl(n is a mutant of Ea321 containing a Tn5-guiA/ inser- 
tion in hrpS (Wei « aL 1992). pCPF10S8 is a low-copy-mraiber pte- 
mid containing hrp^-gu^Al: pCPPlOOl is a high^py-aurnber 
plasmid containing the functional hrpS gene and its promoter (Wei and 

» Rcwu^per CFU; meanof three replicates ± standard deviation. 



DISCUSSION 

SaS a type m protein secretion system. This provides for 
T%£SZ *» S pattern of gene expression needed* 
fV" . r^^n WmX is a putative IpT-type sensor (Parkuison 

and the C-tenninal hisodine kinase domain (Fig- 2A). HrpX 
» S^oplasmiC and may be anchored*, « 
SLe by to internal hydrophobic region. OAer members 
S Se pls-containing fcT-type sensor Wnases mclude NifU 
NtrB? and KinA (Zhulin et al. 1997). HrpY appears » be. 
rSI subfamily response regulator (Parkinson and Koford 
Consistent wifc the HrpX transmitter ta, HrpY 
shows significantsequence similarity to VsrD, DegU, UhpA, 

^^omponent systems with PAS domains m the seasor 
conJo^enTtaclude NifL/Nitt. DctS/DctR, and BvgSffivgA 
rS S al 1997). Among these only NifL does not contam 
Sperip^mic domain, and HrpX is more : sumlar to NifL 
ZfSriba two. NifL and most other PAS-contaming pro- 
seSoS ^ulin et al. 1997). and their signal input 
SaST ^ located at the N terminus (Parkinson and Kofotd 
~Thus, HrpX may directly perceive environmenUdsig- 
Xwith its N^rminal PAS domain. One ^j""J 
, . ■ m act as a protein dimcnzaUon motif (Kay IWlh 
Sn£. t£ Ability of HrpX dimerizadon, which is 
SirS for the functional state of two-component sensors 
(Parkinson and Kofoid 1992). 

Two-component regulatory system 

rrnlhacterial gene expression (Hocb and Silhavy 1995). re- 
S'STftSc. i regulation of the type lU system are 
emerging. In S. typhimurium, SirA is a response regulator 
J c.n^TS mduction of hilA, pr^HIJK, and sigDE (Hong and 
St/StES et ai. 1996). and the PhoQ/PhoP mo- 
™!nt ystem represses the expression of ^ w to« 
£2S et al 1995). The CpxA/CpxR system controls the pH- 
A ^ll ««esioa of the Shigella wi«f WrF gene, which 
t^tSipTcD and vfrG (Nakayama and Watanabe 
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Ea321-G107 Ea321-P4G107 Ea321-P7G1Q7 

Genotype 

fig. 6. Effect of mutant* in hrpX and hrpY cm "P^ioaof ^ 
Genotypes the strains art ^21X1107. hrp&m***fJ (Wa ct «L 

F7O107 t hrpXv^phoA md hrpS'MgusAl. Ertor tar sandarf 
deviation for three repUcatw. Cells grown in roduang medium (IM) 
were assayed {Materials and Methods contains details), 

labte 4. Hypersensitive reaction (HR) cliritatiofl by hrp regulation mutants 

HE phenotype* 



Strain 



Ea321 

Ea32l-F7 

Ea321-P7(pC3PPU7«) 
Ba321-F7(pCFFIO0i) 
Ea32l-F7(pCPPi078) 

Ea321*P4 

Ea32i-P4(pCPFin8) 
Ea321-P4(pCPP1001) 
Ea321-P4tpCPPlOF78) 

Ea321-O10f7 
Ea321-Gl07(pCPP1178> 
Ea321-O107(pCPP100t) 



Gepotypc 
wild type; krp* 
hrpX 

hrpX{hrpXD 

hrpX{hrp$*) 

hrpX(krptf) 

hrpY 

hrpYihrpXT) 

HrpYihrpS*) 

hrpY{hrpL*) 

hrpS 

hrpSQirpXT) 
HrpSQtrpS*) 



■ n t f u ii HR manifested by complete tissue collapse throughout infil- 
trated area; +*> reduced HR, which is spotty and often coalescing; ±* 
mfrequerit collapse small spotty necreosis for .HR-positi ™J*vg, 
and - no HR. Inoculum concentration was approximately 2 x W CtOJ 
per iril. Ratings (consensus of four plants) were made 36 h after in- 

" Full m was observed at inoculum levels of £ 5 * 10 s CFU per mL 
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1995) Also, the BvgS/BvgA system was recently found to be 
involved in the regulation of the type IH secretion in Bonk- 
tella bronchiseptico (Yuk et aL 1998). Among plant pathogens, 
HrpG of Xanthomonas campestris pv. vesicatoria, a homoiog 
of response regulators, has been shown to regulate hrpXv and 
W expression (Wengelnik et aL 1996). 

The structure of the input domain of £ amylovora HrpX 
appears to be exceptional compared with sensor proteins in- 
volved in other type HI systems, which contain two trans- 
membrane regions and a periplasmic domain. The closest 
homologs of E amylovora HrpY are SirA ^ Bv^ bcA rf 
which are ROnrtype regulators (Parkinson and Kofoid 1992), 
whereas X campestris HrpG belongs to the ROa type, which 
includes Escherichia colt CpxR and OmpR, £ typhimurum 
PhoF and Agrobacterium tumefaciens VfcG- Thus, at least two 
types of transmitter-receiver systems appear to have evolved 
for control of type IE systems in response to environmental 
stimuli in hosts. Also, the two two-component systems identic 
tied in the plant pathogens E. amylovora and X. campestris 
fall into different communication groups. 

HrpS and mechanism of gene regulation. 

HrpS is a member of the ^-dependent, enhancer-binding 
protein family. Both hrpS and rpoN are required for transcrip- 



tion of hrp genes in R syringae pathovars (Grimm et aL 1995; 
Xiao et aL 1994). WtsA (HrpS) of £ stewartii controls ex- 
pression of wtsB, which also requires the presence of CT 4 
(Frederick et ai 1993). In E amylovora, HrpS partially regu- 
lates hrpl expression (Wei and Beer 1995), and a sequence, 
TGGCAC-Nj-TTGC, that perfectly matches the -24/-I2 
promoter consensus sequence is found at the promoter region 
of K amylovora 'hrpL The hrpS gene of E amylovora, but not 
hrpS of P* syringae pv. phaseolkola, can complement the 
hrpS mutation in E stewartii (Frederick et at 1993). The 
HrpS sequences of the two erwimas are highly similar, and 
even the upstream noncoding regions appear to be conserved, 
except for the insertion of a 484-bp sequence, rennniscent of 
an IS (insertion sequence) element, 23-bp upstream of the E 
stewartii hrpS ORE 

As a member of the NtrC family, HrpS is unusual in that it 
lacks a long N-terminal receiver domain. Control of protein 
activation by phosphorylation, by protein-protein interaction, 
and by signal molecule have been suggested for ^-dependent 
proteins (Shingler 1996). In the direct activation model, 
derepression by effectors seems to be a mechanism of protein 
activation. For DctD, DmpR, and XylR, deletion of the re- 
ceiver domain results in constitutive activation of the proteins, 
suggesting that the receiver domain has a repressor function 



Plant apopiast 

Low pH 
Low nutrients 
Low temperature 




Erwinia 
amylovora 



l dspE hrpW hrpN hrpC hrpA hrpJ 

\ * / \ h / 
Proteins secreted Components of the Hrp (type III) 
via the Hrp apparatus protein secretion system 

mangle, °" P roffi0(er; and fiUed ^ ^ tomoK! - 
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(Stagier 1996). Therefore, the apparent absence of the re- 
ceiver domain in HipS implies that HrpS may not require 
phosphorylation for activation and Is always active once the 
protein is made. 

Induction of hrpXV and hrpS and the involvement 
of HrpXY and HrpS in hrpL regulation. 

Expression of hrpS and hrpXY is induced by conations tat 
mimic the apopiastic environment (Wei et aL 1992; mis 
work) hrpXY shows high basal-level expression, and au- 
toregulation is involved in gene induction. However, hrpS is 
not autoregulated based on results of the GU3 assay, suggest- 
ing that mere may be upstream regulatory components. Al- 
though hrpS provided in multiple-copy plasmids reverses the 
Hrp- phenotype of hrpX and hrpY mutants, the independence 
of hrpS from hrpX and hrpY suggests that hrpXY is not ecs- 
tatic to hrpS and environmental signals may go to hrpS 
through a different pathway. » 

Earlier work on hrpL and hrpS (Wei and Beer 1995) estab- 
lished that HrpS partially controls hrpL expression. Our cur- 
rent work indicates that the HrpX/HrpY system contributes to 
hrpL induction. Based on the role of hrpXY and HrpS in regu- 
lating hrpL and the lack of effect of hrpX taAJupYm fcg 
expression, one might place krpS upstream of hrpXY. This 
notion is precluded, however, because hrpXY does not over* 
ride krpS mutation. As mentioned above, the opposite is not 
likely either. Therefore, it seems that signals independently 
perceived by hrpXY and hrpS converge at hrpL 

Neither HrpS nor HrpY alone induce ^levels of hrpL ex- 
pression, suggesting that cooperation of HrpY and HrpS, . poss ^ 
biy through protein-protein interaction, may be needed for full 
activation of hrpL. In this model, HrpS may be a positive acti- 
vator of hrpU while HrpX/HrpY may act as a modulator of 
hrpL transcription. Complementation of hrpX and hrpY mutants 
for the HR phenotype by overexpressed hrpS supports this 
model. The regulation of eps genes of R. solawcearum seems 
similar; both VsrD and PhcA regulators bind to the ^pro- 
moter region and control xpsR expression (Huang et al. 1995b). 
IB R syringae P v. syringae, HrpR and HrpS have been propped 
to work together to control hrpL expression (Xiao et al. 1994), 
although a different opinion exists for homologous proteins m R 
syringae pv. phaseotkota (Grimm et al. 1995). 

hrp gene regulation and Hrp phenotypes. 

hrpY and hrpS seem to be crucial to me pathogenic life-style 
of E. amylovora, since their inactivation by mutagenesis re- 
sults in loss of pathogenicity in immature pears (Wei et al. 
1992- this work). The krpX mutant, however, shows an at- 
tempted phenotype: slightly lowered hrpL expression and 
reduced HR and virulence at higher inoculum doses. Cur- 
rently we cannot rule out the possibility of partial HrpX func- 
tion in that mutant, even though leaky phenotypes of sensor 
mutants have been documented for other twexomponent sys- 
tems (Stock et al. 1989). It is interesting to note that, although 
hrvX and hrpS mutants show different phenotypes (the former 
reduced Hrp and the latter Hrp*), both are similarly affected m 
hrpL expression, i.e. only three- to fourfold reduction. Tins 
suggests that either mere is a threshold level of hrp gene ex- 
pression required for causing disease, or hrpS is involved m 
expression of other genes that contribute to pamogemciry. Fur- 
ther study might distinguish between these two possibilities. 



The incomplete complementation of hrpX and hrpY mutants 
by krpXY provided in a multicopy plasmid at lower inoculum 
levels (< 2 x 10 s CFU per ml) is .intriguing and deserves for- 
mer investigation. One explanation for the results could be mat 
defective HrpX and HrpY in the mutants interact with func- 
tional HrpX and HrpY, and, possibly by forming heterodimers, 
interfere with the full activity. Alternatively, overproduced HrpX 
and HrpY may somehow down-regulate hrpS expression. 

Model of the E. amybvora hrp gene expression. 

Based on previous studies (Bogdanove et al. 1996, 1998b; 
Kim and Beer 1998; Kim et al. 1997; Wei and Beer 1995; Wd 
et al. 1992) and results described in this work, we propose a 
scheme of hrp gene regulation in E. amylovora (Hg. 7), When 
the bacteria enter the plant apoplast, HrpX perceives environ- 
mental signals and is phosphorylated. Activated HrpX then 
phosphorylates HrpY to activate it, and increases the expres- 
sion of hrpXY to produce more HrpX and HrpY. Independently, 
expression of hrpS is induced in response to the changed envi- 
ronment Activated HrpY and HrpS, bound to the hrpL pro- 
moter, then interact with the RNA polymerase-^ complex to 
drive transcription of hrpL HrpS also activates other genes 
containing the -24/-12 promoter consensus sequence. Finally, 
the HrpL C factor, which recognizes a conserved promoter 
motif, GGAACC-N l5 -CCACTAAF, directs transcription of the 
remaining hrp and dsp genes that produce the secretion ma- 
chinery and virulence proteins that,interact with plant cells. 

MATERIALS AND METHODS 

Bacterial strains and growth condition, 

E. amylovora Ea321 is a wild-type strain that infects pear 
and apple (Beer et al- 1991). Escherichia coti DH5a was rou- 
tinely used for cloning of cosmids and plasmids. pCFPlOOl 
(Wei and Beer 1995), pCFP1036 (Kim et al, 1997), pCPP1078 
(Wei and • Beer 1995), and, pCmi78 are subclones of 
pCPP430 (Beer et al. 1991), and contain ORFs in the same 
direction as the T7<£10 promoter from the vector pBluescript 
KS+. Strains of E. amylovora Ea321 and Escherichia coli 
were grown in LB (Sambrook et al. 1989) with vigorous shak- 
ing at 28 and 37°C, respectiveiy. Inducing medium QM) was 
used for inducing hrp gene expression as described previously 
(Wei et ai. 1992), The antibiotics used to maintain selection 
" were ampicillin at 100 |Lg/ml, kanamycin (Km) at 50 |ig/ml 
spectinomycin (Sp) at 50 u^g/ml, tetracycline CTc) at 20 u^/ml, 
and carbenicilUn (Cb) at 300 fig/ml. 

Recombinant DNA techniques and sequence analysis. 

Unless otherwise specified, basic molecular biology tech- 
niques were as described (Sambrook et al. 1989). Electropo- 
ration of plasmid DNA into £ amylovora 321 and its deriva- 
tives was done as described by Bauer and Beer (1991) with 
the Gene Pulser apparatus (Bio-Rad\ lUchmoni CA, U.S A>). 

Deletion clones, generated from the Clal-B$m insert in 
pCFPinS with the Erase- A-Base kit (Promega, Madison, WI, 
U,SA.) f were- sequenced' by the dideoxy chain termination 
procedure with the Sequenase sequencing kit (U.S. Biochemi- 
cal, Cleveland, OH, U.S.A.). Also, sequencing of the region 
between hrpA and hrpJ in pCPP430, pCFPlOOl, pCPP1036, 
and pCPPil7S was performed on an ABI 373A automated 
DNA sequencer {Ferkin-Elmer, Norwaik, CT, U.S.A,) at the 
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Cornell University Biotechnology Program DNA Sequencing 
Facility with oligonucleotide primers synthesized at the same 

facility. , , 

DNA and deduced amino acid sequences were analyzed 
with programs in the GCG software package version 73 
(Genetics Computer Group, Madison, WI, U.SA.) and 
DNASTAR (DNA3TAR Madison, WI, U.S.A.)- Potential 
genes were identified with GeneMarkhmm (Lukashin and 
lorodovsky I99S; available on-line from the GeneMark web 
site). Homology searches were done with BLAST ^nthms 
(Altschul et al. 1997; available on-line from the NCBI web 
site), Conserved patterns in proteins were found with Sea* 
Prosite (Appel et al. 1994; available <^\^hV^ 
tion of potential a 70 promoters were made with the Promoter 
Prediction by Neural Network method (Reese and Eeckman 
1995; available on-line)* 

Expression ofhrpXBndhrpY'mEscherkkkcaU. . 

A gene expression system mediated by a T7 RNA pofy- 
raerJe/prcmoter (Tabor and ^^^ A ^^t 
pCEPllTS, which contains hrpX and hrpY GRft driven by the 
TTO10 promoter from the vector, was mtxoduced into » 
ckerkkti colt DH5a(pGFl-2), Cells were incubated at 42 C 
to induce the expression of the T7 %^ .-J 
newly synthesized proteins were radiolabeled with »S-M* as 
described {Tabor and Richardson 1985). Kcsfrngs^vuz 
resuspended in a sample buffer and heated to 95'C for 3 mm 
beforTbeing electrophoresed in a 12% polyacrylamide gel 

Construction of marker-exchange mutants. 

Chromosomal mutants were constructed by marker- 
exchange mutagenesis as described previously (Ifan etaL 
1992). A TniO-miniKm insertion or a TvphoA msemon, 
" Rn 4d at the hrvXY or hrpL locus in Escherichia call 
nmfnCCPP430) or Escherichia coli DH5ct(pCPP1178), was 
EtrXed into S mqUw* Ba321 
with the helper strain, Escherichia coU HBlOlfpEKoTJO) 
(idndly provided by E. R. Signer. *P~* * *^ 
Massachusetts Institute of Technology Cambridge), The 
transconjugants were selected on Luna plates containing Km 
and Sp, and then transferred to a low-pbosphate minimal me- 
dium (Bauer 1990) to select for Km' Sp' marker^xchanged 
mutants. The second mutations were generated by introducing 
individual hrp^gusAl fusions into TnJO-mimKm or 
TnphoA mutants of Ea321. Since the transposon ViS-guM 
baf two selection marker, Km and Tc, the second mutaden 
was selected based on Km' Tc' Sp' phenotype. All the mutants 
were tested for the HR^iciting ability and pathogenicity, 
TnphcA insertions P74 and PS6 in pOMfflJ wheh were 
mTpped to orfUU were introduced to the Ba321 genome by 
elecSoration and subsequent incubation in a low-phosphate 
medium with Km. integration of the TnphoA ^on utote 
chromosome was confirmed by antibiotic resistance XErf Of) 
and Southern hybridization with the transposon DNA as a 
probe. 

Assay of GUS activity. 

Overnight cultures in LB were transferred to fresh LB, and 
incubated further. For incubation in DM log-phase cotton m 
LB were cenixifuged, and cells were washed with IM, before 
they are resuspended in 1M to OD^o - 0 J. The cultures in IM 



were incubated for an additional 5 to 6 h at 24°C before assay 
of GUS activity. GUS activity was monitored fluorimetrically 
as described by Jefferson et aL (1987). Forty-five microliters 
of the log-phase culture in LB or the induced culture from TM 
was mixed with an equal volume of 2x assay buffer. After 
incubation at 37°C for 10 h, GUS activity was measured as 
described previously (Wei et al, 1992). The background fluo- 
rescence of Ea321-G77 {HrcV::Tn5-gusAl) (Wei et aL 1992), 
which has a gusAl insertion in the opposite direction of hrcV 
transcription, was subtracted from the readings of krp::gusAl 
fusion strains. The corrected fluorescence readings were con* 
verted to picounits of GUS activity per CFU. The GUS activ- 
ity of hrp:?In5-gusAl fusions also were determined in tobacco 
leaf tissues as described previously (Wei et al. 1992). 

Plant assays. 

Bacteria were grown in LB and harvested at mid-ex- 
ponential phase. Cells were resuspended in 5 mM potassium 
phosphate buffer, pH 6.5, harvested again, resuspended in the 
potassium phosphate buffer to approximately 2 x 10* CFU per 
ml, unless otherwise specified, and used for HR and patho- 
genicity assays. Tobacco plants (Nicotiana tabacum L. 
'Xanthf) were grown in greenhouse soil mix to a height of 0,9 
to 1 m. Bacterial suspensions were infiltrated into each leaf 
panel of tobacco leaves with needleless hypodermic syringes. 
The development of the HR was scored after incubation at 
room temperature for 18 to 36 h- Pathogenicity tests on im- 
mature pear fruits were carried out as previously described 
(Bauer and Beer 1991; Steinberger and Beer 1983). 

ACKNOWLEDGMENTS 

We acknowledge Barbara J. Sneath for her initial characterization of 
the hrpS locus, David W. Bauer for providing pCFF43 t and Fakoro 
Kanchanawong for assisting with the epistasis experiment. We thank 
Adam J Bogdanove* Stephen C Winans, and anonymous reviewers tor 
critical reading and suggestions. This .work was supported by USDA 
CGRO grant 91-3-7303-6430, by USDA^ Special Research grant 99- 
34367-7990, by Eden Bioscience Corporation, Botbell* WA, and by (fee 
Cornell Center for Advanced Technology (CAT) in Biotechnology, 
which is sponsored by the New York State Science and Technology 
Foundation and industrial partners. 

NOTE ADDED IN PROOF 

A recent BLAST survey of finished and unfinished micro- 
bial genomes (available on-line from die NCBI web site) sug- 
gests the presence in Pseudomonas aeruginosa PAOl of a 
two-component system that is highly similar to the 
HrpX/HrpY system (31% identity over 474 amnio acids for 
HrpX and 489b identity over 208 amino acids for HrpY)~A- 
related set of proteins exist in the Pseudomonas putida 
KT2440 genome. 
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Bacterial home goal by harpins 



Ulla Bonas 



Host-pathogen interactions 
arc dynamic and nmlu- 
factorial; whether a micro- 
organism succeeds or fails in col- 
onizing a potential host depends 
on factors from both organisms, A 
successful pathogen has to over- 

come the defenses of the host. In pu» w ~v;r: 7 

bacteria that art pathogenic for by signal molecules or 'ehators . 
animals or for plants, particularly Recent DNA sequence analys* 



Although the genes involve! in 
plant defense 5 ** are becoming better 
understood* very little is known 
about the nature of the initial sig- 
nals and their perception. Induction 
of the HR in a bacterium-plant 
interaction requires functional hrp 
xncs and appears to be mediated 



Gram-negative organisms, a Urge 
number of genes are essential to 
infect host tissue and establish 
disease. Expression of these genes 
is generally controlled by environ- 
mental conditions such as tempera- 
ture, pH, salt concentration and 
nutrient availability 1 ^. 

Pathogenicity, hypersensitive 
reaction and elidtors 
In the Gram-negative plant patho- 
"gens Erunnia^ Fseudomonas and 
. Xanthomonas, genes organized in 
^clusters of 25~4ftkbare fundamen- 
tally bvolved in any obvious inter- 
action with a plant (for a review see 
■ ■ Re£ 3). These genes have been des- 
:i ignated hrp (hypersensitive reaction 
I and pathogenicity) because they are 
essential not only for pathogenicity 
towards a susceptible host ^ plant, 
but also for interaction with re- 
sistant host varieties and with ^_r--"-,___i_, < — -JzrttZ 

plants that are not a host for that J^^^^^^^M^ 
pathogen- In plants, the hypersensh are gly^e^^Owt^^^ 
£ereacrion(HR)(Rc£.4)isarapid ^t^O^ 
defence reaction involving localized ^^jl^ 
plant cell death and production of ^cter^ The genes encoding har^ 
substances such as phenolics and pins are localized within the hrp.u 



indicate that several putative Hrp 
proteins from different species^ are 
related and may be involved in a 
secretion system reminiscent of 
secretion of Yops (Yersinia outer 
proteins) in Yersinia™ 1 * So far, only 
one specific elicitor of the HR in 
a baaerium-plant interaction has 
been described* The avrD gene from 
Tseudomonas syringae pv. tom- 
ato mediates production of a low- 
molecular-mass compound that 
specifically induces the HR only 
in die soybean plant (a nonhost} 
when it carries the corresponding 
Rpg4 resistance gene* 41 . 

Harpins 

Recently, two bacterial HR-in- 
ducing proteins, called 'harpins*, 
were identified in EruAnia amy- 
lovora u and F« syringae pv.-iyrin-. 
gae u * Al though the harpins diffe r 
in primary sequence, thcy^have 



phytoaksdns at the site of infecriom 
The HR prevents pathogen spread 
and thus halts disease devdoprnent. 

In the wild, plants are resistant 
to the majority of pathogens. The 
HR, therefore, is an important de- 
fense mechanism against all kinds 
of possible disease agents (bacteria, 
fungi, nematodes and viruses). It is 
not only important to interactions 
of pathogens with nonhost plants, 
but also to interactions between 
plants that carry resistance genes 
and microorganisms that are patho- 
gens for that species. 



*— ~* • 

clusters and obviously have a dual 
role in that they are also required 
for. pathogenicity towards the 
normal host plant. Both hrp cbs* 
ten allow nonpathogenic bacteria, 
such as Escherichia cofi, to induce 
an HR in tobacco after recombi- 
nant expression, suggesting that 
the genes for the tobacco HR 
elidtors are present within the 
clusters** 1 '. 
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The first harpin to be ident- 
ified, harpin^, is a cell-envelope* 
associated protein encoded by 
the krpN gene of En amyfavora, 
a pathogen of pear and apple 11 . 
Recently, He and co-workers 14 have 
used an elegant approach to ident- 
ify harpin^ which is encoded by . 
the hrpZ gene in the bean patho- 
gen F. s. pv* syringae. Lysates of 
an expression library to E. coJi, 
made using the cloned P. s. pv. 
syringae hrp duster, were directly 
screened for HR-inducing activity 
on tobacco leaves* Two proteins 
were identified, one of which was an 
ammo-terminal deletion of harping 
with even higher activity than the 
full-size proton; whether process- 
ing occurs during natural infection 
is not dear. Interestingly, the car- 
boxyl terminus contains two short, 
direct repeats that are essential 
for elidtor activity* The activity 
is in the same range as that of 
the Erwinia harping however, to 
elicit an HR in other plants requires 
higher levels of the didtor. He 
et at show convincingly that the 
secretion of hatpin*, by F. s. pv* 
syringae depends on a product 
called HrpH that is dosely related 
to proteins to other plant patho- 
gens, and also to animal pathogens 
such as Yersinia and Shigella* 
where they are essential for pro- 
tein secretion ,,fatl4 - 

Thcse exdting findings hdp ver- 
ify the modd that Hrp proteins 
are involved in the transport of 
elidtors and virulence factors 7 . Not 
surprisingly, the results presented 
by He and co-workers* 4 also stimu- 
late many questions. It needs to 
be shown that harping is acta* 
ally secreted, when the bacterium 
interacts with tobacco, tissue (die 
hrp genes were induced in vitro}* 
The concentration needed for HR 
induction (more than 600 nM) is 
much higher than one would ex- 
pect for specific signal molecules. 
Are harpins toxins? Most import- 
antly, what is their function in 
pathogenidty, and why do they 
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not elicit an HR in the host plant? , 
Are harpins the only elidtors of 
nonhost HR in tobacco and poss- 
ibly in other plants? Is the same 
mechanism used in tobacco to rec- 
ognize both the Envima and the 
P, s. pv* syringae harpins? Is host 
resistance different in mech anism 
from nonhost resistance? Answers 
to this fascinating puzzle require 
the identification of more HR 
elidtors and their putative plant 
receptors. 
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Initiation and spread of a-herpesvirus 

infections 

Thomas a Mettenlelter 



Herpesviruses are large ani* 
trial viruses with a DNA 
genome varying from ap- 
proximately 120 to 2J0kb : Based 
on their biological properties^ the 
Herpesviridae have been divided 
into three subfamilies, the a-, 
and f herpesvirinae, prototypes of 
which arc the human pathogens 
herpes simplex virus (HSV), 
cytomegalovirus (HCMV) and 
Epstein-Barr virus (EBV), respect- 
ively. As enveloped viruses, they 
depend on two consecutive pro- 
cesses for infectious entry into 
target cells: (1) attachment of free 
virions to cells and (2) penetration, 
that is, fusion of virion envelope 
and cellular cytoplasmic mem- 
brane leading to release of the 
nudeocapsid into the cell Virion 
envelope glycoproteins play 
important roles in both these 
processes (see Reft 1,2 for recent 

reviews). 

After infection of primary tar- 
get cells, virus spread can occur 
by several different mechanisms. 
Tnfiwrf rails mav release infectious 



virions that reinitiate infection from t 
outside* In addition, direct viral 
cell-to-cell spread from primary 
infected cells to adjacent non- 
infected cells rnaypecur. la die host, 
virus may be disseminated by cir- 
culating infected cells that adhere 
to noninfected tissues and trans- 
mit infecdvity direcdy. Recent 
results on HSV and pseudorables 
vims (PrVf shed more light on 
these processes in a-herpesviruses. 
PrV causes Aujcszky** disease in 
swine, which is characterized by 
nervous and respiratory symptoms, 
and reproductive failure. Unlike 
HSV, PrV is not pathogenic for 
humans. However, the two viruses 
have several features in common, 
including a broad host range tn 
vitro, and several species besides 
the natural host can be infected 
experimentally. In addition, all of 
the biown PrV glycoproteins are 
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related to homologous glycopro- 
teins in HSV {Ret 1}*. 

Attachment 

Binding of free infectious virus to 
target cells involves interactions 
between virion envelope glycopro- 
teins and cellular virus receptors. 
Herpes virions contain a large 
number of different virus-encoded 
envelope glycoproteins that might 

Earticipate in attachment. A well- 
novra example of a cellular herpes- 
virus receptor is die B-ceU mem- 
brane protein CR2 (CD21), which 
binds EBV (ReL 3), Recent studies 
have ■ demonstrated that several 
a- (reviewed in Ret 1), p~ and t 
■herpesviruses*' 5 bind to their target 
cells by interaction of virion com- 
ponents with cell-surface glycos- 
aminogiycans, principally heparan 
sulfate (HS)*. 



•At die 13th International Herpesvirus 
Workshop, a common nomencfoxure £&* 
c-herpesvirus glycoproteins w*s agreed en, 
based on designations of HSV glycoproteins* 
This aotnendanitfi is used hens. 
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seeds under conditions effective to impart disease resistance, to enhance plant growth, to control insects, and/or to impart stress 
resistance to plants or plants grown from the plant seeds. Alternatively, transgenic plants or plant seeds transformed with a nucleic 
acid molecule encoding a hypersensitive response elicitor protein or polypeptide can be provided and the transgenic plants or plants 
resulting from the transgenic plant seeds are grown under conditions effective to impart disease resistance, to enhance plant growth, 
)^ to control insects, and/or to impart stress resistance to plants or plants grown from the plant seeds. 
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HYPERSENSITIVE RESPONSE ELICITING DOMAINS 
AND USE THEREOF 



This application claims benefit of U.S. Provisional Patent Application 
5 Serial No. 60/212,21 1, filed on June 16, 2000. 



FIELD OF THE INVENTION 



The present invention relates to hypersensitive response elicitors and 

10 their structure. 



BACKGROUND OF THE INVENTION 



Interactions between bacterial pathogens and their plant hosts generally 
15 fall into two categories: (1) compatible (pathogen-host), leading to intercellular 

bacterial growth, symptom development, and disease development in the host plant; 
and (2) incompatible (pathogen-nonhost), resulting in the hypersensitive response, a 
particular type of incompatible interaction occurring, without progressive disease 
symptoms. During compatible interactions on host plants, bacterial populations 
20 increase dramatically and progressive symptoms occur. During incompatible 

interactions, bacterial populations do not increase, and progressive symptoms do not 
occur. 

The hypersensitive response is a rapid, localized necrosis that is 
associated with the active defense of plants against many pathogens (Kiraly, Z., 

25 "Defenses Triggered by the Invader: Hypersensitivity," pages 201-224 in: Plant 
Disease: An Advanced Treatise , Vol. 5, J.G. Horsfall and E.B. Cowling, ed. 
Academic Press New York (1980); Klement, Z., "Hypersensitivity," pages 149-177 
in: Phytopathogenic Prokaryotes , Vol. 2, M.S. Mount and G.H. Lacy, ed. Academic 
Press, New York (1982)). The hypersensitive response elicited by bacteria is readily 

30 observed as a tissue collapse if high concentrations Q> 10 7 cells/ml) of a limited 

host-range pathogen like Pseudomonas syringae or Erwinia amylovora are infiltrated 
into the leaves of nonhost plants (necrosis occurs only in isolated plant cells at lower 
levels of inoculum) (Klement, Z., "Rapid Detection of Pathogenicity of 
Phytopathogenic Pseudomonads," Nature 199:299-300; Klement, et ak, 
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"Hypersensitive Reaction Induced by Phytopathogenic Bacteria in the Tobacco Leaf/' 
Phytopathology 54:474-477 (1963); Turner, et al., "The Quantitative Relation 
Between Plant and Bacterial Cells Involved in the Hypersensitive Reaction/' 
Phytopathology 64:885-890 (1974); Klement, Z., "Hypersensitivity/' pages 149-177 
5 in Phytopathogenic Prokaryotes , Vol. 2., M.S. Mount and G.H. Lacy, ed. Academic 
Press, New York (1982)). The capacities to elicit the hypersensitive response in a 
nonhost and be pathogenic in a host appear linked. As noted by Klement, Z., 
"Hypersensitivity/' pages 149-177 in Phytopathogenic Prokaryotes, Vol. 2., M.S. 
Mount and G.H. Lacy, ed. Academic Press, New York, these pathogens also cause 

10 physiologically similar, albeit delayed, necroses in their interactions with compatible 
hosts. Furthermore, the ability to produce the hypersensitive response or pathogenesis 
is dependent on a common set of genes, denoted hrp (Lindgren, P.B., et al., "Gene 
Cluster of Pseudomonas syringae pv. 'phaseolicola 5 Controls Pathogenicity of Bean 
Plants and Hypersensitivity on Nonhost Plants/' J. Bacteriol . 168:512-22 (1986); 

15 Willis, D.K., et al., ''hrp Genes of Phytopathogenic Bacteria/' Mol. Plant-Microbe 
Interact . 4:132-138 (1991)). Consequently, the hypersensitive response may hold 
clues to both the nature of plant defense and the basis for bacterial pathogenicity. 

The hrp genes are widespread in gram-negative plant pathogens, where 
they are clustered, conserved, and in some cases interchangeable (Willis, D.K., et al., 

20 "hrp Genes of Phytopathogenic Bacteria/' Mol. Plant-Microbe Interact . 4:132-138 

(1991); Bonas, U., "hrp Genes of Phytopathogenic Bacteria/' pages 79-98 in: Current 
Topics in Microbiology and Immunology: Bacterial Pathogenesis of Plants and 
Animals - Molecular and Cellular Mechanisms , JX. Dangl, ed. Springer- Verlag, 
Berlin (1994)). Several hrp genes encode components of a protein secretion pathway 

25 similar to one used by Yersinia, Shigella, and Salmonella spp. to secrete proteins 
essential in animal diseases (Van Gijsegem, et al., "Evolutionary Conservation of 
Pathogenicity Determinants Among Plant and Animal Pathogenic Bacteria/' Trends 
Microbiol. 1:175-180 (1993)). Ji\E. amylovora, P. syringae, and P. solanacearum, 
hrp genes have been shown to control the production and secretion of glycine-rich, 

30 protein elicitors of the hypersensitive response (He, S.Y., et al. "Pseudomonas 

Syringae pv. Syringae HarpinPss: a Protein that is Secreted via the Hrp Pathway and 
Elicits the Hypersensitive Response in Plants," Cell 73: 1255-1266 (1993), Wei, Z.-H., 
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et al., "HrpI of Erwinia amylovora Functions in Secretion of Harpin and is a Member 
of a New Protein Family/ 5 J. BacterioL 175:7958-7967 (1993); Arlat, M. et al. 
"PopAl, a Protein Which Induces a Hypersensitive-like Response on Specific Petunia 
Genotypes, is Secreted via the Hrp Pathway of Pseudomonas solanacearum" EMBO 
5 J. 13:543-553 (1994)). 

The first of these proteins was discovered in E. amylovora Ea321, a 
bacterium that causes fire blight of rosaceous plants, and was designated harpin (Wei, 
Z.-M., et al, "Harpin, Elicitor of the Hypersensitive Response Produced by the Plant 
Pathogen Erwinia amylovora" Science 257:85-88 (1992)). Mutations in the encoding 

10 hrpN gene revealed that harpin is required for E. amylovora to elicit a hypersensitive 
response in nonhost tobacco leaves and incite disease symptoms in highly susceptible 
pear fruit. The P. solanacearum GMI1000 PopAl protein has similar physical 
properties and also elicits the hypersensitive response in leaves of tobacco, which is 
not a host of that strain (Arlat, et aL "PopAl, a Protein Which Induces a 

15 Hypersensitive-like Response on Specific Petunia Genotypes, is Secreted via the Hrp 
Pathway of Pseudomonas solanacearum," EMBO J. 13:543-53 (1994)). However, P. 
solanacearum popA mutants still elicit the hypersensitive response in tobacco and 
incite disease in tomato. Thus, the role of these glycine-rich hypersensitive response 
elicitors can vary widely among gram-negative plant pathogens. 

20 Other plant pathogenic hypersensitive response elicitors have been 

isolated, cloned, and sequenced. These include: Erwinia chrysanthemi (Bauer, et. al., 
"Erwinia chrysanthemi Harpin Ec h: Soft-Rot Pathogenesis/ 5 MPMI 8(4): 484-91 
(1995)); Erwinia carotovora (Cui, et. al. 5 "The RsmA" Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress hrpN^cc and Elicit a Hypersensitive 

25 Reaction-like Response in Tobacco Leaves," MPMI 9(7): 565-73 (1966)); Erwinia 
stewartii (Ahmad, et. al., "Harpin is not Necessary for the Pathogenicity of Erwinia 
stewartii on Maize," 8th IhtT. Cong. Molec. Plant-Microb. Inter. July 14-19, 1996 and 
Ahmad, et. al., "Harpin is not Necessary for the Pathogenicity of Erwinia stewartii on 
Maize," Ann. Mtg. Am. Phytopath. Soc. July 27-31, 1996); and Pseudomonas 

30 syringae pv. syringae (WO 94/26782 to Cornell Research Foundation, Inc.). 

The present invention is a further advance in the effort to identify and 
characterize hypersensitive response elicitor proteins. 
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SUMMARY OF THE INVENTION 

One aspect of the present invention is directed to an isolated 
5 hypersensitive response elicitor protein comprising a pair of spaced apart domains, 
with each comprising an acid portion linked to an alpha-helix. 

Another embodiment of the present invention relates to an isolated 
hypersensitive response elicitor protein comprising an acid portion linked to an alpha- 
helix. 

10 Nucleic acid molecules encoding either of these proteins as well as 

vectors, host cells, transgenic plants, and transgenic plant seeds containing those 
nucleic acid molecules are also disclosed. 

The protein of the present invention can be used to impart disease 
resistance to plants, to enhance plant growth, to control insects, and/or impart stress 

15 resistance. This involves applying the protein to plants or plant seeds under 

conditions effective to impart disease resistance, to enhance plant growth, to control 
insects, and/or impart stress resistance to plants or plants grown from the plant seeds. 

As an alternative to applying the protein to plants or plant seeds in 
order to impart disease resistance, to enhance plant growth, to control insects on 

20 plants, and/or impart stress resistance, transgenic plants or plant seeds can be utilized. 
When utilizing transgenic plants, this involves providing a transgenic plant 
transformed with a nucleic acid molecule encoding the protein of the present 
invention and growing the plant under conditions effective to impart disease 
resistance, to enhance plant growth, to control insects, and/or to impart stress 

25 resistance to the plants or plants grown from the plant seeds. Alternatively, a 

transgenic plant seed transformed with the nucleic acid molecule encoding the protein 
of the present invention can be provided and planted in soil. A plant is then 
propagated under conditions effective to impart disease resistance, to enhance plant 
growth, to control insects, and/or to impart stress resistance to plants or plants grown 

30 from the plant seeds. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is a schematic drawing showing the construction of a 
universal expression cassette for a hypersensitive response domain. 

5 

DETAILED DESCRIPTION OF THE INVENTION 



The present invention is directed to an isolated hypersensitive response 
elicitor protein comprising a pair of spaced apart domains, with each comprising an 
10 acid portion linked to an alpha-helix. The acidic portion is a polypeptide with 10 or 
more amino acids, is rich in acidic amino acids, and has a pi below 5.0. The acidic 
portion has a secondary structure in the form of a beta-sheet or a beta-turn. The 
secondary structure of this unit can also be in an unordered form. 

The alpha-helix portion of the present invention is a polypeptide with 10 or 
15 more amino acids. Its secondary structure is in the form of a stable alpha-helix. 

Another embodiment of the present invention relates to an isolated 
hypersensitive response elicitor protein comprising an acid portion linked to an alpha- 
helix. 

20 Both of these proteins are capable of eliciting a hypersensitive 

response. 

The alpha helix is a common structural motif of proteins in which a 

linear sequence of amino acid folds into a right-handed helix stabilized by internal 

hydrogen bonding between backbone atoms. 
25 The acidic motif includes a certain combination of amino acids in 

which a linear sequence with a pi below 5.0 folds into a £ sheet, coil, or thin 

structures but not an alpha helix of secondary structure. 

The hypersensitive response elicitor polypeptides or proteins according 

to the present invention can be derived from hypersensitive response elicitor 
30 polypeptides or proteins of a wide variety of fungal and bacterial pathogens. Such 

polypeptides or proteins are able to elicit local necrosis in plant tissue contacted by 

the elicitor. Examples of suitable bacterial sources of polypeptide or protein elicitors 



WO 01/98501 



PCT/US01/18820 



include Erwinia, Pseudomonas, and Xanthamonas species (e.g., the following 
bacteria: Erwinia amylovora, Erwinia chrysanthemi, Erwinia stewartii, Erwinia 
carotovora, Pseudomonas syringae, Pseudomonas solancearum, Xanthomonas 
campestris, and mixtures thereof). la addition to hypersensitive response elicitors 
5 from these Gram negative bacteria, it is possible to use elicitors from Gram positive 
bacteria. One example is Clavibacter michiganensis subsp. sepedonicus. 

An example of a fungal source of a hypersensitive response elicitor 
protein or polypeptide is Phytophthora. Suitable species of Phytophthora include 
Phytophthora parasitica, Phytophthora cryptogea, Phytophthora cinnamomi, 
10 Phytophthora capsici, Phytophthora megasperma, and Phytophthora citrophthora. 

The hypersensitive response elicitor polypeptide or protein from 
Erwinia chrysanthemi has an amino acid sequence corresponding to SEQ. ID. No. 1 
as follows: 

15 Met Gin lie Thr lie Lys Ala His lie Gly Gly Asp Leu Gly Val Ser 

1 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr lie Asp Lys Leu Thr 
20 35 40 45 

Ser Ala Leu Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 60 

Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

25 Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 

85 90 95 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
100 105 110 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
30 115 120 125 

Leu Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 135 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser lie Leu Gly 
145 150 155 160 

35 Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 

165 170 175 
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Ala Gly Gly Leu Gin 
180 

Gly Asn Ala He Gly 
195 

5 Leu Ser Asn Val Ser 

210 

Asp Lys Glu Asp Arg 
225 

Gin Tyr Pro Glu He 
10 245 

Ser Ser Pro Lys Thr 
260 

Pro Asp Asp Asp Gly 
275 

15 Ala Met Gly Met He 

290 

Asn Leu Asn Leu Arg 
305 

Ala Val Val Gly Asp 
20 325 

Asn Ala 

This hypersensitive response elicitor polypeptide or protein lias a molecular weight of 
25 34 kDa, is heat stable, has a glycine content of greater than 16%, and contains 

substantially no cysteine. The Erwinia chrysanthemi hypersensitive response elicitor 
polypeptide or protein is encoded by a DNA molecule having a nucleotide sequence 
corresponding to SEQ. ID. No. 2 as follows: 



CGATTTTACC 


CGGGTGAACG 


TGCTATGACC 


GACAGCATCA 


CGGTATT CGA 


C AC CGTTACG 


60 


GCGTTTATGG 


CCGCGATGAA 


CCGGCATCAG 


GCGGCGCGCT 


GGTCGCCGCA 


ATCCGGCGTC 


120 


GATCTGGTAT 


TTCAGTTTGG 


GGACACCGGG 


CGTGAACTCA 


TGATGCAGAT 


TCAGCCGGGG 


180 


CAGCAATATC 


CCGGCATGTT 


GCGCACGCTG 


CTCGCTCGTC 


GTTATCAGCA 


GGCGGCAGAG 


240 


TGCGATGGCT 


G C CAT C TGTG 


CCTGAACGGC 


AGCGATGTAT 


TGATCCTCTG 


GTGGCCGCTG 


300 


CCGTCGGATC 


CCGGCAGTTA 


TCCGCAGGTG 


ATCGAACGTT 


TGTTTGAACT 


GGCGGGAATG 


360 


ACGTTGCCGT 


CGC TATC CAT 


AGCACCGACG 


GCGCGTCCGC 


AGACAGGGAA 


CGGACGCGCC 


420 


CGATCATTAA 


GATAAAGGCG 


GCTTTTTTTA 


TTGCAAAACG 


GTAACGGTGA 


GGAACCGTTT 


480 



Gly Leu Ser Gly Ala 
185 

Met Gly Val Gly Gin 
200 

Thr His Val Asp Gly 
215 

Gly Met Ala Lys Glu 
230 

Phe Gly Lys Pro Glu 
250 

Asp Asp Lys Ser Trp 
265 

Met Thr Gly Ala Ser 
280 

Lys Ser Ala Val Ala 
295 

Gly Ala Gly Gly Ala 
310 

Lys lie Ala Asn Met 
330 



Gly Ala Phe Asn Gin Leu 
190 

Asn Ala Ala Leu Ser Ala 
205 

Asn Asn Arg His Phe Val 
220 

lie Gly Gin Phe Met Asp 
235 240 

Tyr Gin Lys Asp Gly Trp 
255 

Ala Lys Ala Leu Ser Lys 
270 

Met Asp Lys Phe Arg Gin 
285 

Gly Asp Thr Gly Asn Thr 
300 

Ser Leu Gly lie Asp Ala 
315 320 

Ser Leu Gly Lys Leu Ala 
335 
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CACCGTCGGC GTCACTCAGT AACAAGTATC CAT C ATGAT G CCTACATCGG GATCGGCGTG 54 0 

GGCATCCGTT GCAGATACTT TTGCGAACAC CTGACATGAA TGAGGAAACG AAATTATGCA 600 
AATTACGATC AAAGCGCACA TCGGCGGTGA TTTGGGCGT C TCCGGTCTGG GGCTGGGTGC 660 
TCAGGGACTG AAAGGACTGA ATTCCGCGGC TTCATCGCTG GGTTCCAGCG TGGATAAACT 72 0 

5 GAGCAGCACC ATCGATAAGT TGACCTCCGC GCTGACTTCG ATGATGTTTG GCGGCGCGCT 78 0 

GGCGCAGGGG CTGGGCGCCA GCTCGAAGGG GCTGGGGATG AGCAATCAAC TGGGCCAGTC 84 0 

TTTCGGCAAT GGCGCGCAGG GTGCGAGCAA CCTGCTATCC GTACCGAAAT CCGGCGGCGA 90 0 

TGCGTTGTCA AAAATGTTTG ATAAAGCGCT GGACGATCTG CTGGGTCATG ACACCGTGAC 96 0 

CAAGCTGACT AAC C AG AG C A ACCAACTGGC TAATTCAATG CTGAACGC C A GCCAGATGAC 102 0 

10 CCAGGGTAAT ATGAATGCGT TCGGCAGCGG TGTGAACAAC GCAGTGTCGT CCATTCTCGG 1080 

CAACGGTCTC GGCCAGTCGA TGAGTGGCTT CTGTCAGCCT TCTCTGGGGG CAGGCGGCTT 114 0 

GCAGGGCCTG AGCGGCGCGG GTGCATTCAA CCAGTTGGGT AATGCCATCG GCATGGGCGT 1200 

GGGGCAGAAT GCTGCGCTGA GTGCGTTGAG TAACGTCAGC AC C CACGTAG ACGGTAACAA 1260 

CCGCCACTTT GTAGATAAAG AAGATCGCGG CATGGCGAAA GAGATCGGCC AGTTTATGGA 132 0 

15 TCAGTATCCG GAAATATTCG GTAAAC CGGA AT AC C AG AAA GATGGCTGGA GTTCGCCGAA 13 8 0 

GACGGACGAC AAATCCTGGG CTAAAGCGCT GAGTAAACCG GATGATGACG GTATGACCGG 144 0 

CGCCAGCATG GACAAATTCC GTCAGGCGAT GGGTATGATC AAAAGCGCGG TGGCGGGTGA 1500 

TAC CGGCAAT ACCAACCTGA ACCTGCGTGG CGCGGGCGGT GCATCGCTGG GTATCGATGC 156 0 

GGCTGTCGTC GGCGATAAAA TAGCCAACAT GTCGCTGGGT AAGCTGGCCA ACGCCTGATA 162 0 

20 ATCTGTGCTG GCCTGATAAA GCGGAAACGA AAAAAGAGAC GGGGAAGCCT GTCTCTTTTC 1680 

TTATTATGCG GTTTATGCGG TTACCTGGAC CGGTTAATCA TCGT CAT CGA TCTGGTACAA 1740 

ACGCACATTT TCCCGTTCAT TCGCGTCGTT ACGCGCCACA ATCGCGATGG CATCTTCCTC 180 0 

GTCGCTCAGA TTGCGCGGCT GATGGGGAAC GCCGGGTGGA ATATAGAGAA ACTCGCCGGC 1860 

CAGATGGAGA CACGTCTGCG ATAAAT CTGT GCCGTAACGT GTTTCTATCC GCCCCTTTAG 192 0 

25 CAGATAGATT GCGGTTTCGT AATCAACATG GTAATGCGGT TCCGCCTGTG CGCCGGCCGG 1980 

GATCACCACA AT ATT CAT AG AAAGCTGTCT TGCACCTACC GTATCGCGGG AGATACCGAC 2 04 0 

AAAATAGGGC AGTTTTTGCG TGGTATCCGT GGGGTGTTCC GGCCTGACAA TCTTGAGTTG 210 0 

GTTCGTCATC ATCTTTCTCC ATCTGGGCGA CCTGATCGGT T 2141 

30 The hypersensitive response elicitor from Ei^winia chrysanthemi has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. 
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K). No. 1, from amino acid 69 to amino acid 122, particularly from amino acid 85 to 
amino acid 116. The acidic unit in the first domain extends, within SEQ. ID. No. 1 ? 
from amino acid 69 to amino acid 102, particularly from amino acid 85 to amino acid 
102. The alpha-helix in the first domain extends, within SEQ. ID. No. 1, from amino 
5 acid 102 to amino acid 122, particularly from amino acid 102 to amino acid 116. The 
second domain extends, within SEQ. ID. No. 1, from amino acid 251 to amino acid 
299, particularly from amino acid 256 to amino acid 292. The acidic unit in the 
second domain extends, within SEQ. ID. No. 1, from amino acid 251 to amino acid 
279, particularly from amino acid 261 to amino acid 279. The alpha-helix in the 
10 second domain extends, within SEQ. ID. No. 1, from amino acid 279 to amino acid 
299, particularly from amino acid 279 to amino acid 292. 

The hypersensitive response elicitor polypeptide or protein derived 
from Erwinia amylovora has an amino acid sequence corresponding to SEQ. ID. 
15 No. 3 as follows: 



Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin lie Ser 
15 10 15 



20 



lie Gly Gly Ala Gly Gly Asn Asn Gly Leu Leu Gly Thr Ser Arg Gin 
20 25 30 



Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 
35 40 45 



Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 
50 55 60 



25 



Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 
65 70 75 80 



Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 
85 90 95 



30 



Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 
100 105 110 



Leu Gly Ser Lys Gly Gly Asn Asn Thr Thr Ser Thr Thr Asn Ser Pro 
115 120 125 



Leu Asp Gin Ala Leu Gly lie Asn Ser Thr Ser Gin Asn Asp Asp Ser 
130 135 140 



35 



Thr Ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin Gin 
145 150 155 160 
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Leu Leu Lys Met Phe Ser Glu lie Met Gin Ser Leu Phe Gly Asp Gly 
165 170 175 

Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 
180 185 190 

5 Gly Glu Gin Asn Ala Tyr Lys Lys Gly Val Thr Asp Ala Leu Ser Gly 

195 200 205 

Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
10 225 230 235 240 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
245 250 255 

Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 
260 265 270 

15 Ala Leu Asn Asp He Gly Thr His Arg His Ser Ser Thr Arg Ser Phe 

275 280 285 

Val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu lie Gly Gin Phe Met 
290 295 300 

Asp Gin Tyr Pro Glu Val Phe Gly Lys Pro Gin Tyr Gin Lys Gly Pro 
20 305 310 315 320 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser 
325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 350 

25 Lys Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 

355 360 365 

Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 
370 375 380 

Ala Met Met Ala Gly Asp Ala He Asn Asn Met Ala Leu Gly Lys Leu 
30 385 390 395 400 

Gly Ala Ala 



This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
about 39 kDa, has a pi of approximately 4.3, and is heat stable at 100°C for at least 10 
35 minutes. This hypersensitive response elicitor polypeptide or protein has substantially 
no cysteine. The hypersensitive response elicitor polypeptide or protein derived from 
Erwinia amylovora is more fully described in Wei, Z.-M., R. J. Laby, C. H. Zumoff, 
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D. W. Bauer, S.-Y. He, A. Collmer, and S. V. Beer, "Hatpin, Elicitor of the 
Hypersensitive Response Produced by the Plant Pathogen Erwinia amylovora" 
Science 257:85-88 (1992), which is hereby incorporated by reference. The DNA 
molecule encoding this polypeptide or protein has a nucleotide sequence 
5 corresponding to SEQ. ID. No. 4 as follows: 

AAGCTTCGGC ATGGCACGTT TGACCGTTGG GTCGGCAGGG TACGTTTGAA TTATTCATAA 60 

GAGGAATACG TTATGAGTCT GAATACAAGT GGGCTGGGAG CGTCAACGAT GCAAATTTCT 12 0 

ATCGGCGGTG CGGGCGGAAA TAACGGGTTG CTGGGTACCA GTCGCCAGAA TGCTGGGTTG 18 0 

10 GGTGGCAATT CTGCACTGGG GCTGGGCGGC GGTAATCAAA ATGATAC CGT CAAT CAGCTG 24 0 

GCTGGCTTAC TCACCGGCAT GATGATGATG ATGAGCATGA TGGGCGGTGG TGGGCTGATG 3 00 

GGCGGTGGCT TAGG CGGTGG CTTAGGTAAT GGCTTGGGTG GCTCAGGTGG CCTGGGCGAA 3 60 

GGACTGTCGA ACGCGCTGAA CGATATGTTA GGCGGTTCGC TGAACACGCT GGGCTCGAAA 42 0 

GGCGGCAACA ATACCACTTC AACAACAAAT TCCCCGCTGG ACCAGGCGCT GGGTATTAAC 480 

15 TCAACGTCCC AAAACGACGA TTCCACCTCC GGCACAGATT CCACCTCAGA CTCCAGCGAC 54 0 

CCGATGCAGC AGCTGCTGAA GATGTT CAGC GAGATAATGC AAAGCCTGTT TGGTGATGGG 60 0 

CAAGATGGCA CCCAGGGCAG TTCCTCTGGG GGCAAGCAGC CGACCGAAGG CGAGCAGAAC 660 

GCCTATAAAA AAGGAGT CAC TGATGCGCTG TCGGGCCTGA TGGGTAATGG TCTGAGCCAG 72 0 

CTCCTTGGCA ACGGGGGACT GGGAGGTGGT CAGGGCGGTA ATGCTGGCAC GGGTCTTGAC 78 0 

20 GGTTCGTCGC TGGGCGGCAA AGGGCTGCAA AACCTGAGCG GGCCGGTGGA CTAC CAGCAG 84 0 

TTAGGTAACG CCGTGGGTAC CGGTATCGGT ATGAAAGCGG GCATTCAGGC GCTGAAT GAT 900 

ATCGGTACGC ACAGGCACAG TTCAACCCGT TCTTTCGTCA ATAAAGGCGA TCGGGCGATG 96 0 

GCGAAGGAAA TCGGTCAGTT CATGGAC CAG TATCCTGAGG TGTTTGGCAA GCCGCAGTAC 102 0 

CAGAAAGGCC CGGGTCAGGA GGTGAAAACC GATGACAAAT CATGGGCAAA AGCAC TGAGC 10 8 0 

25 AAGCCAGATG ACGACGGAAT GACACCAGCC AGTATGGAGC AGTTCAACAA AGCCAAGGGC 114 0 

ATGAT CAAAA GGCCCATGGC GGGTGATACC GGCAACGGCA AC CTGCAGGC ACGCGGTGCC 12 00 

GGTGGTTCTT CGCTGGGTAT TGATGCCATG ATGGC CGGTG ATGCCATTAA CAATATGGCA 12 60 

CTTGGCAAGC TGGGCGCGGC TTAAGCTT 1288 

30 The hypersensitive response elicitor from Erwinia amylovora has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 
No. 3, from amino acid 32 to amino acid 74, particularly from amino acid 45 to amino 
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acid 68. The acidic unit in the first domain extends, within SEQ. ID. No. 3, from 
amino acid 32 to amino acid 57, particularly from amino acid 45 to amino acid 57. 
The alpha-helix in the first domain extends, within SEQ. ID. No. 3, from amino acid 
57 to amino acid 74, particularly from amino acid 57 to amino acid 68. The second 
5 domain extends, within SEQ. ID. No. 3, from amino acid 130 to amino acid 180, 
particularly from amino acid 145 to amino acid 170. The acidic unit in the second 
domain extends, within SEQ. ID. No. 3, from amino acid 130 to amino acid 157, 
particularly from amino acid 145 to amino acid 157. The alpha-helix in the second 
domain extends, within SEQ. ID. No. 3, from amino acid 157 to amino acid 180, 
10 particularly from amino acid 157 to amino acid 170. 

Another potentially suitable hypersensitive response elicitor from 
Erwinia amylovora is disclosed in U.S. Patent Application Serial No. 09/120,927, 
which is hereby incorporated by reference. The protein is encoded by a DNA 
molecule having a nucleic acid sequence of SEQ. ID. No. 5 as follows: 

15 



20 



25 



30 



35 



40 



45 



50 



ATGTCAATTC 


TTACGCTTAA 


CAACAATACC 


TCGTCCTCGC 


CGGGTCTGTT 


CCAGTCCGGG 


60 


GGGGACAACG 


GGCTTGGTGG 


T CAT AATGCA 


AATTCTGCGT 


TGGGGCAACA 


ACC CAT CGAT 


120 


CGGCAAACCA 


TTGAGCAAAT 


GGCTCAATTA 


TTGGCGGAAC 


TGTTAA&GTC 


ACTGCTATCG 


180 


CCACAATCAG 


GTAATGCGGC 


AACCGGAGCC 


GGTGGCAATG 


ACCAGAC TAC 


AGGAGTTGGT 


240 


AACGCTGGCG 


GCCTGAACGG 


ACGAAAAGGC 


ACAGCAGGAA 


CCACTCCGCA 


GTCTGACAGT 


300 


CAGAACATGC 


TGAGTGAGAT 


GGGCAACAAC 


GGGCTGGATG 


AGGC CAT CAC 


GCCCGATGGC 


360 


CAGGGCGGCG 


GGCAGATCGG 


CGATAATCCT 


TTACTGAAAG 


CCATGCTGAA 


GCTTATTGCA 


420 


CGCATGATGG 


ACGGCCAAAG 


CGATCAGTTT 


GGCCAACCTG 


GTACGGGCAA 


CAACAGTGCC 


480 


TCTTCCGGTA 


CTTCTTCATC 


TGGCGGTTCC 


CCTTTTAACG 


ATCTATCAGG 


GGGGAAGGCC 


540 


CCTTCCGGCA 


ACTCCCCTTC 


CGGCAACTAC 


TCTCCCGTCA 


GTACCTTCTC 


ACCCCCATCC 


600 


ACGCCAACGT 


CCCCTACCTC 


ACCGCTTGAT 


TTCCCTTCTT 


CTCCCACCAA 


AGCAGCCGGG 


660 


GGCAGCACGC 


CGGTAACCGA 


TCATCCTGAC 


CCTGTTGGTA 


GCGCGGGCAT 


CGGGGCCGGA 


720 


AATTCGGTGG 


CCTTCACCAG 


CGCCGGCGCT 


AATCAGACGG 


TGCTGCATGA 


CACCATTACC 


780 


GTGAAAGCGG 


GTCAGGTGTT 


TGATGGCAAA 


GGACAAACCT 


TCACCGCCGG 


TTCAGAATTA 


840 


GGCGATGGCG 


GCCAGTCTGA 


AAAC C AG AAA 


CCGCTGTTTA 


TAC TGGAAGA 


CGGTGCCAGC 


900 


CTGAAAAACG 


TCACCATGGG 


CGACGACGGG 


GCGGATGGTA 


TTCATCTTTA 


CGGTGATGCC 


960 


AAAATAGACA 


ATCTGCACGT 


CACCAACGTG 


GGTGAGGACG 


CGATTACCGT 


TAAGCCAAAC 


1020 


AGCGCGGGCA 


AAAAATCCCA 


CGTTGAAATC 


ACTAACAGTT 


CCTTCGAGCA 


CGCCTCTGAC 


1080 
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AAGATCCTGC AGCTGAATGC CGATACTAAC CTGAGCGTTG ACAACGTGAA GGCCAAAGAC 1140 

TTTGGTACTT TTGTACGCAC TAACGGCGGT CAACAGGGTA ACTGGGATCT GAATCTGAGC 1200 

5 

CATATCAGCG CAGAAGACGG TAAGTTCTCG TTCGTTAAAA GCGATAGCGA GGGGCTAAAC 12 60 

GTCAATACCA GTGATATCTC ACTGGGTGAT GTTGAAAACC ACTACAAAGT GCCGATGTCC 1320 

10 GCCAACCTGA AGGTGGCTGA ATGA 1344 

See GenBank Accession No. U94513. The isolated DNA molecule of the present 
invention encodes a hypersensitive response elicitor protein or polypeptide having an 
amino acid sequence of SEQ. ID. No. 6 as follows: 



15 



30 



45 



Met Ser lie Leu Thr Leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu 
15 10 15 



Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly His Asn Ala Asn Ser 
20 20 25 30 

Ala Leu Gly Gin Gin Pro lie Asp Arg Gin Thr lie Glu Gin Met Ala 
35 40 45 

25 Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 

50 55 60 



Asn Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly Val Gly 

65 70 75 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 



Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
35 100 105 110 

Asp Gin Ala lie Thr Pro Asp Gly Gin Gly Gly Gly Gin lie Gly Asp 

115 120 125 

40 Asn Pro Leu Leu Lys Ala Met Leu Lys Leu lie Ala Arg Met Met Asp 

130 135 140 



Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 

145 150 155 160 

Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 

165 170 175 



Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
50 180 185 190 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

55 Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 

210 215 220 
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Val Thr Asp His Pro Asp Pro Val Gly Ser Ala Gly lie Gly Ala Gly 
225 230 235 240 

Asn Ser Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val Leu His 
5 245 250 255 



Asp Thr lie Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 

260 265 270 

10 Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Ser Glu Asn 

275 280 285 



Gin Lys Pro Leu Phe lie Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly lie His Leu Tyr Gly Asp Ala 

305 310 315 320 



Lys lie Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala lie Thr 
20 325 330 335 

Val Lys Pro Asn Ser Ala Gly Lys Lys Ser His Val Glu lie Thr Asn 
340 345 350 

25 Ser Ser Phe Glu His Ala Ser Asp Lys lie Leu Gin Leu Asn Ala Asp 

355 360 365 



Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
370 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 



His lie Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
35 405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp lie Ser Leu Gly Asp Val Glu 
420 425 430 

40 Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 

435 440 445 



This protein or polypeptide is acidic, rich in glycine and serine, and lacks cysteine. It 
45 is also heat stable, protease sensitive, and suppressed by inhibitors of plant 

metabolism. The protein or polypeptide of the present invention has a predicted 

molecular size of ca. 4.5 kDa. 

This hypersensitive response elicitor from Ei-winia amylovora has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 
50 No. 6, from amino acid 5 to amino acid 64, particularly from amino acid 31 to amino 

acid 57. The acidic unit in the first domain extends, within SEQ. ID. No. 6, from 

amino acid 5 to amino acid 45, particularly from amino acid 31 to amino acid 45. The 
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alpha-helix in the first domain extends, within SEQ. ID. No. 6, from amino acid 45 to 
amino acid 64, particularly from amino acid 45 to amino acid 64. The second domain 
extends, within SEQ. ID. No. 6, from amino acid 103 to amino acid 146, particularly 
from amino acid 1 16 to amino acid 140. The acidic unit in the second domain 
5 extends, within SEQ. ID. No. 6, from amino acid 103 to amino acid 131, particularly 
from amino acid 116 to amino acid 131. The alpha-helix in the second domain 
extends, within SEQ. ID. No. 6, from amino acid 131 to amino acid 146, particularly 
from amino acid 131 to amino acid 140. 

Another potentially suitable hypersensitive response elicitor from 
10 Erwinia amylovora is disclosed in U.S. Patent Application Serial No. 09/120,663, 
which is hereby incorporated by reference. The protein is encoded by a DNA 
molecule having a nucleic acid sequence of SEQ. ID. No. 7 as follows: 



15 



20 



25 



30 



35 



40 



45 



50 



ATGGAATTAA 


AATCACTGGG 


AACTGAACAC 


AAGGCGGCAG 


TACACACAGC 


GGCGCACAAC 


60 


CCTGTGGGGC 


ATGGTGTTGC 


CTTACAGCAG 


GGCAGCAGCA 


GCAGCAGCCC 


GCAAAATGCC 


120 


G CTG C AT CAT 


TGGCGGCAGA 


AGGCAAAAAT 


CGTGGGAAAA 


TGC CGAGAAT 


TCACCAGCCA 


180 


TCTACTGCGG 


CTGATGGTAT 


CAGCGCTGCT 


CAC C AGC AAA 


AGAAATCCTT 


CAGTCTCAGG 


240 


GGCTGTTTGG 


GGACGAAAAA 


ATTTTCCAGA 


TCGGCACCGC 


AGGGCCAGCC 


AGGTAC CACC 


300 


CACAGCAAAG 


GGGCAACATT 


GCGCGATCTG 


CTGGCGCGGG 


ACGACGGCGA 


AACGCAGCAT 


360 


GAGGCGGCCG 


CGCCAGATGC 


GGCGCGTTTG 


ACCCGTTCGG 


GCGGCGTCAA 


ACGCCGCAAT 


420 


ATGGACGACA 


TGGCCGGGCG 


GCCAATGGTG 


AAAGGTGGCA 


GCGGCGAAGA 


TAAGGTAC C A 


480 


ACGCAG CAAA 


AACGGCATCA 


GCTGAACAAT 


TTTGGCCAGA 


TGCGCCAAAC 


GATGTTGAGC 


540 


AAAATGGCTC 


ACCCGGCTTC 


AGCCAACGCC 


GGCGATCGCC 


TGCAGCATTC 


ACCGCCGCAC 


600 


ATCCCGGGTA 


GCCACCACGA 


AATCAAGGAA 


GAACCGGTTG 


GCTCCACCAG 


CAAGGCAACA 


660 


ACGGCCCACG 


CAGACAGAGT 


GGAAATCGCT 


CAGGAAGATG 


ACGACAGCGA 


ATTCCAGCAA 


720 


CTGCATCAAC 


AGCGGCTGGC 


GCGCGAACGG 


GAAAAT C CAC 


CGCAGCCGCC 


CAAACTCGGC 


780 


GTTGCCACAC 


CGATTAGCGC 


CAGGTTTCAG 


CCCAAACTGA 


CTGCGGTTGC 


GGAAAGCGTC 


840 


CTTGAGGGGA 


C AGATAC C AC 


GCAGTCACCC 


CTTAAGCCGC 


AATCAATGCT 


GAAAGGAAGT 


900 


GGAGCCGGGG 


TAACGCCGCT 


GGCGGTAACG 


CTGGATAAAG 


GCAAGTTGCA 


GCTGGCACCG 


960 


GATAATCCAC 


CCGCGCTCAA 


TACGTTGTTG 


AAGCAGACAT 


TGGGTAAAGA 


CACCCAGCAC 


1020 


TATCTGGCGC 


ACCATGCCAG 


CAGCGACGGT 


AG C CAGCAT C 


TGCTGCTGGA 


CAACAAAGGC 


1080 


CACCTGTTTG 


AT AT C AAAAG 


CACCGCCACC 


AGCTATAGCG 


TGCTGCACAA 


CAGCCACCCC 


1140 


GGTGAGATAA 


AGGGCAAGCT 


GGCGCAGGCG 


GGTACTGGCT 


CCGTCAGCGT 


AGACGGTAAA 


1200 
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AGCGGCAAGA TCTCGCTGGG 
CCGGGGGAAG CGCACCGTTC 
5 CGGCCGCAGG GCGAGTCAAT 
CTGGGCGTAT GGCAATCTGC 
GGTAAGCTCT ATGCGCTGAA 

10 

TCAGAAAAGC TGGTCGATAA 
ATCCTGACGG AT ACT C C CGG 
15 CCGGAGAGCC ATATTTCCCT 
GGGAAGTCGG AGCTTGAGGC 
GATAGCGAAG GCAAGCTGTT 

20 

AAAATGAAAG CCATGCCTCA 
TCTGGATTTT TCCATGACGA 
25 ' CAGCAGCATG CCTGCCCGTT 
GATGCGCTGG TTATCGACAA 
ATT CTTGATA TGGGGCATTT 

30 

GACCAGCTGA CCAAAGGGTG 
CTGGATGGAG CAGCTTATCT 
35 AGCACCTCCT C TAT CAAGCA 
AAAG GGGAGG CGGGAGATGC 
GCGGTGATTG GGGTAAATAA 

40 

CAGATAAAAC CCGGCACCCA 
ATCAGCGGCG AACTGAAAGA 
45 CACGAGGGAG AGGTGTTTCA 
AGCTGGCACA AACTGGCGTT 
CATGAGCACA AACCGATTGC 

50 

GGCTGGCACG CCTATGCGGG 
CAAACCGTCT TTAACCGACT 
55 TTGACGGTTA AGCTCTCGGC 
AGCAGTAAAT TTTCCGAAAG 
CGACCGATTA AAAATGCTGC 

60 

AAGCCGTTGT ACGAGATG C A 
CATAACGCGC CACAGC CAGA 
65 GGCGCAGAAT TGCTTAACGA 
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GAGCGGTACG CAAAGTCACA ACAAAACAAT GCTAAGCCAA 1260 

C TTATTAAC C GGCATTTGGC AGCATCCTGC TGGCGCAGCG 13 2 0 

CCGCCTGCAT GACGACAAAA TTCATATCCT GCATCCGGAG 13 80 

GGATAAAGAT ACCCACAGCC AGCTGTCTCG CCAGGCAGAC 144 0 

AGACAACCGT ACCCTGCAAA ACCTCTCCGA TAATAAATCC 150 0 

AATCAAATCG TATTCCGTTG ATCAGCGGGG GCAGGTGGCG 1560 

CCGCCATAAG ATGAGTATTA TGCCCTCGCT GGATGCTTCC 162 0 

CAGCCTG CAT TTTGCCGATG CCCACCAGGG GTTATTGCAC 1680 

ACAATCTGTC GCGATCAGCC ATGGGCGACT GGTTGTGGCC 174 0 

TAGCGCCGCC ATTCCGAAGC AAGGGGATGG AAACGAACTG 180 0 

GCATGCGCTC GATGAACATT TTGGTCATGA CCACCAGATT 186 0 

CCACGGCCAG CTTAATGCGC TGGTGAAAAA TAACTTCAGG 192 0 

GGGTAACGAT CAT C AGTT T C ACCCCGGCTG GAACCTGACT 198 0 

TCAGCTGGGG CTGC AT CAT A CCAATCCTGA ACCGCATGAG 2040 

AGGCAGCCTG GCGTTACAGG AGGGCAAGCT TCACTATTTT 210 0 

GACTGGCGCG GAGT CAGATT GTAAGCAGCT GAAAAAAGGC 2160 

ACTGAAAGAC GGTGAAGTGA AACGCCTGAA TATTAATCAG 222 0 

CGGAACGGAA AACGTTTTTT CGCTGCCGCA TGTGCGCAAT 22 8 0 

CCTGCAAGGG CTGAATAAAG ACGATAAGGC CCAGGCCATG 234 0 

ATACCTGGCG CTGACGGAAA AAGGGGACAT TCGCTCCTTC 24 0 0 

GCAGTTGGAG CGGCCGGCAC AAACT CTCAG CCGCGAAGGT 2460 

CATTCATGTC GAC CACAAGC AGAACCTGTA TGCCTTGACC 2 52 0 

TCAGCCGCGT GAAGCCTGGC AGAATGGTGC CGAAAGCAGC 25 80 

GCCACAGAGT GAAAGTAAGC TAAAAAGTCT GGACATGAGC 264 0 

CACCTTTGAA GACGGTAGCC AG CAT C AGCT GAAGGCTGGC 2700 

ACCTGAACGC GGGCCGCTGG CGGTGGGTAC CAGCGGTTCA 2 760 

AATGCAGGGG GTGAAAGGCA AGGTGATCCC AGGCAGCGGG 2 82 0 

TCAGACGGGG GGAATGACCG GCGCCGAAGG GCGCAAGGTC 28 80 

GATCCGCGCC TATGCGTTCA ACCCAACAAT GTCCACGCCG 2 94 0 

TTATGCCACA CAGCACGGCT GGCAGGGGCG TGAGGGGTTG 3000 

GGGAGCGCTG ATTAAACAAC TGGATGCGCA TAACGTTCGT 3 060 

TTTGCAGAGC AAACTGGAAA CTCTGGATTT AGGCGAACAT 312 0 

CATGAAG CGC TTCCGCGACG AACTGGAGCA GAGTGCAACC 3180 
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CGTTCGGTGA CCGTTTTAGG TCAACATCAG GGAGTG CTAA AAAGCAACGG TGAAATCAAT 3 240 

AGCGAATTTA AGCCATCGCC CGGCAAGGCG TTGGTCCAGA GCTTTAACGT CAATCGCTCT 33 00 

5 

GGTCAGGATC TAAGCAAGTC ACTGCAACAG GCAGTACATG CCACGCCGCC ATCCGCAGAG 33 60 

AGTAAACTGC AATC CATGCT GGGGCACTTT GTCAGTGCCG GGGTGGATAT GAGTCATCAG 3420 

10 AAGGGCGAGA TCCCGCTGGG CCGCCAGCGC GATCCGAATG ATAAAACCGC ACTGACCAAA 3480 

TCGCGTTTAA TTTTAGATAC CGTGACCATC GGTGAAGTGC ATGAACTGGC CGATAAGGCG 3540 

AAACTGGTAT CTGACCATAA ACCCGATGCC GAT C AG AT AA AACAGCTGCG GCAGCAGTTC 3 600 

15 

GATACG CTGG GTGAAAAGCG GTATGAGAGC AATCCGGTGA AGCATTACAC CGATATGGGC 3660 

TTCACCCATA ATAAGGCGCT GGAAGCAAAC TATGATGCGG TCAAAGCCTT TATCAATGCC 3 720 

20 TTTAAGAAAG AGCACCACGG CGTCAATCTG ACCACGCGTA CCGTACTGGA ATCACAGGGC 3 780 

AGTGCGGAGC TGGCGAAGAA GCTCAAGAAT ACGCTGTTGT CCCTGGACAG TGGTGAAAGT 3 840 

ATGAGCTTCA GCCGGTCATA TGGCGGGGGC GTCAGCACTG TCTTTGTGCC TACCCTTAGC 3 900 

25 

AAGAAGGTGC CAGTTCCGGT GATCCCCGGA GCCGGCATCA CGGTGGATGG CGCCTATAAC 3 960 

CTGAGCTTCA GT C GT AC C AG CGGCGGATTG AACGTCAGTT TTGGCCGCGA CGGCGGGGTG 4 020 

30 AGTGGTAACA TCATGGTCGC TACCGGCCAT GAT GTGATGC CCTATATGAC CGGTAAGAAA 4 080 

ACCAGTGCAG GTAACGCCAG TGACTGGTTG AGCGCAAAAC ATAAAATCAG CCCGGACTTG 4140 

CGTATCGGCG CTGCTGTGAG TGGCACCCTG CAAGGAACGC TACAAAACAG CCTGAAGTTT 42 00 

35 

AAG CTGAC AG AGGATGAGCT GCCTGGCTTT ATCCATGGCT TGACGCATGG CACGTTGACC 42 60 

CCGGCAGAAC TGTTGCAAAA GGGGAT CGAA CAT CAGATGA AGCAGGGCAG CAAACTGACG 432 0 

40 TTTAGCGTCG ATACCTCGGC AAATCTGGAT CTGCGTGCCG GTATCAATCT GAACGAAGAC 43 80 

GGCAGTAAAC CAAATGGTGT CACTGCCCGT GTTTCTGCCG GGCTAAGTGC ATCGGCAAAC 4440 

CTGGCCGCCG GCTCGCGTGA ACGCAGCACC ACCTCTGGCC AGTTTGGCAG CACGACTTCG 450 0 

45 

GCCAGCAATA ACCGCCCAAC CTTCCTCAAC GGGGTCGGCG CGGGTGCTAA CCTGACGGCT 4560 

GCTTTAGGGG TTGCCCATTC AT CTACG CAT GAAGGGAAAC CGGTCGGGAT CTTCCCGGCA 4 620 

50 TTTACCTCGA CCAATGTTTC GGCAGCGCTG GCGCTGGATA ACCGTACCTC ACAGAGTATC 4680 

AG C C TGGAAT TGAAGCGCGC GGAGCCGGTG AC C AG C AACG AT AT CAG CGA GTTGACCTCC 4 740 

ACGCTGGGAA AACACTTTAA GGATAGCGCC ACAACGAAGA TGCTTGCCGC TCTCAAAGAG 48 0 0 

55 

TTAGATGACG CTAAGCCCGC TGAACAACTG CAT AT T T TAG AG CAG CAT T T CAGTGCAAAA 4 8 60 

GATGTCGTCG GTGATGAACG CTACGAGGCG GTGCGCAACC TGAAAAAACT GGTGATACGT 4 92 0 

60 CAACAGGCTG CGGACAGCCA CAGCATGGAA TTAGGATCTG CCAGTCACAG CACGACCTAC 4980 

AATAATCTGT CGAGAATAAA TAATGACGGC ATTGTCGAGC TGCTACACAA ACATTTCGAT 5 040 

GCGGCATTAC CAGCAAGCAG TGCCAAACGT CTTGGTGAAA TGATGAATAA CGATCCGGCA 510 0 

65 
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CTGAAAGATA TTATTAAGCA GCTGCAAAGT ACGCCGTTCA GCAGCGCCAG CGTGTCGATG 5160 
GAGCTGAAAG ATGGTCTGCG TGAGCAGACG GAAAAAGCAA TACTGGACGG TAAGGTCGGT 522 0 
5 CGTGAAGAAG TGGGAGTACT TTTCCAGGAT CGTAACAACT TGCGTGTTAA ATCGGTCAGC 528 0 
GTCAGTCAGT CCGTCAGCAA AAGCGAAGGC TTCAATACCC CAGCGCTGTT ACTGGGGACG 534 0 
AGCAACAGCG CTGCTATGAG CATGGAGCGC AACAT CGGAA C CAT TAATTT TAAATACGGC 54 0 0 

10 

CAGGATCAGA ACACCCCACG GCGATTTACC CTGGAGGGTG GAATAGCTCA GGCTAATCCG 5460 
CAGGTCGCAT CTGCGCTTAC TGATTTGAAG AAGGAAGGGC TGGAAATGAA GAGCTAA 5517 

15 

This DNA molecule is known as the dspE gene for Erwinia amylovora. This isolated 
DNA molecule of the present invention encodes a protein or polypeptide which elicits 
a plant pathogen's hypersensitive response having an amino acid sequence of SEQ. 
ID. No. 8 as follows: 

20 

Met Glu Leu Lys Ser Leu Gly Thr Glu His Lys Ala Ala Val His Thr 
15 10 15 

Ala Ala His Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 25 30 

Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 
35 40 45 

Lys Asn Arg Gly Lys Met Pro Arg lie His Gin Pro Ser Thr Ala Ala 
50 55 60 

Asp Gly lie Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Arg 
65 70 75 80 

Gly Cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
85 90 95 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
100 105 110 

Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 
115 120 125 

Arg Leu Thr Arg Ser Gly Gly Val Lys Arg Arg Asn Met Asp Asp Met 
130 135 140 

Ala Gly Arg Pro Met Val Lys Gly Gly Ser Gly Glu Asp Lys Val Pro 
145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 
165 170 175 

Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Asn Ala Gly Asp 
180 185 190 

Arg Leu Gin His Ser Pro Pro His lie Pro Gly Ser His His Glu lie 
195 200 205 
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Lys Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 

Asp Arg Val Glu lie Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 

Leu His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 

Pro Lys Leu Gly Val Ala Thr Pro lie Ser Ala Arg Phe Gin Pro Lys 
260 265 270 

Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
290 295 300 

Thr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 

Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lys Gin Thr Leu Gly Lys 
325 330 335 

Asp Thr Gin His Tyr Leu Ala His His Ala Ser Ser Asp Gly Ser Gin 
340 345 350 

His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp lie Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu He Lys 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 
385 390 395 400 

Ser Gly Lys He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 
405 410 415 

Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly lie 
420 425 430 

Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 

Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
465 470 475 480 

Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 

Asp Asn Lys Ser Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 
500 505 510 

Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
515 520 525 

His Lys Met Ser He Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 

He Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
545 550 555 560 
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10 



25 



40 



Gly Lys Ser Glu Leu Glu Ala Gin Ser Val Ala lie Ser His Gly Arg 
565 570 575 

Leu Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala lie Pro 
580 585 590 

Lys Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 
595 600 605 

Ala Leu Asp Glu His Phe Gly His Asp His Gin lie Ser Gly Phe Phe 
610 615 620 



His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 

15 625 630 635 640 

Gin Gin His Ala Cys Pro Leu Gly Asn Asp His Gin Phe His Pro Gly 

645 650 655 

20 Trp Asn Leu Thr Asp Ala Leu Val lie Asp Asn Gin Leu Gly Leu His 

660 665 670 



His Thr Asn Pro Glu Pro His Glu lie Leu Asp .Met Gly His Leu Gly 
675 680 685 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 
690 695 700 



Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 
30 705 710 715 720 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 • 730 735 

35 Asn lie Asn Gin Ser Thr Ser Ser lie Lys His Gly Thr Glu Asn Val 

740 745 750 



Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
770 775 780 



Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Ser Phe 
45 785 790 795 800 

Gin He Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 815 

50 Ser Arg Glu Gly He Ser Gly Glu Leu Lys Asp He His Val Asp His 

820 825 830 

Lys Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 

Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 
850 855 860 

Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
865 870 875 880 



His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin His Gin 
885 890 895 
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Leu Lys Ala Gly Gly Trp His Ala Tyr Ala Ala Pro Glu Arg Gly Pro 
900 905 910 

Leu Ala Val Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Met 
915 920 925 

Gin Gly Val Lys Gly Lys Val lie Pro Gly Ser Gly Leu Thr Val Lys 
930 935 940 

Leu Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 
945 950 955 960 

Ser Ser Lys Phe Ser Glu Arg lie Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 975 

Met Ser Thr Pro Arg Pro lie Lys Asn Ala Ala Tyr Ala Thr Gin His 
980 985 990 

Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
995 1000 1005 

Ala Leu lie Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 1020 

Gin Pro Asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
1025 1030 1035 1040 

Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 
1060 1065 1070 

Leu Lys Ser Asn Gly Glu lie Asn Ser Glu Phe Lys Pro Ser Pro Gly 
1075 1080 1085 

Lys Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 1100 

Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 
1105 1110 1115 1120 

Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 1130 1135 

Met Ser His Gin Lys Gly Glu lie Pro Leu Gly Arg Gin Arg Asp Pro 
1140 1145 1150 

Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu lie Leu Asp Thr Val 
1155 1160 1165 

Thr lie Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 1175 1180 

Asp His Lys Pro Asp Ala Asp Gin lie Lys Gin Leu Arg Gin Gin Phe 
1185 1190 1195 1200 

Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys His Tyr 
1205 1210 1215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 1230 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 
1235 1240 1245 
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Asn Leu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 
1250 1255 1260 

Ala Lys Lys Leu Lys Asn Thr Leu Leu Ser Leu Asp Ser Gly Glu Ser 
1265 1270 1275 1280 

Met Ser Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 
1285 1290 1295 

Pro Thr Leu Ser Lys Lys Val Pro Val Pro Val He Pro Gly Ala Gly 
1300 1305 1310 

He Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 
1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 1335 1340 

Met Val Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lys 
1345 1350 1355 1360 

Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His Lys He 
1365 1370 1375 

Ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu Gin Gly 
1380 1385 1390 

Thr Leu Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 
1395 1400 1405 

Gly Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 
1410 1415 1420 

Leu Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 
1425 1430 1435 1440 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 
1445 1450 1455 

Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 
1460 1465 1470 

Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 
1475 1480 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 

Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 
1505 1510 1515 1520 

Ala Leu Gly Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 1535 

He Phe Pro Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
1540 1545 1550 

Asp Asn Arg Thr Ser Gin Ser He Ser Leu Glu Leu Lys Arg Ala Glu 
1555 1560 1565 



Pro Val Thr Ser Asn Asp He Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 1575 1580 
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His Phe Lys Asp Ser Ala Thr Thr Lys Met Leu Ala Ala Leu Lys Glu 
1585 1590 1595 1600 

Leu Asp Asp Ala Lys Pro Ala Glu Gin Leu His lie Leu Gin Gin His 
5 1605 1610 1615 

Phe Ser Ala Lys Asp Val Val Gly Asp Glu Arg Tyr Glu Ala Val Arg 
1620 1625 1630 

10 Asn Leu Lys Lys Leu Val lie Arg Gin Gin Ala Ala Asp Ser His Ser 

1635 1640 1645 



15 



30 



45 



Met Glu Leu Gly Ser Ala Ser His Ser Thr Thr Tyr Asn Asn Leu Ser 
1650 1655 1660 

Arg He Asn Asn Asp Gly He Val Glu Leu Leu His Lys His Phe Asp 
1665 1670 1675 1680 



Ala Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Glu Met Met Asn 
20 1685 1690 1695 

Asn Asp Pro Ala Leu Lys Asp He He Lys Gin Leu Gin Ser Thr Pro 
1700 1705 1710 

25 Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Gly Leu Arg Glu 

1715 1720 1725 



Gin Thr Glu Lys Ala He Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 1735 1740 

Gly Val Leu Phe Gin Asp Arg Asn Asn Leu Arg Val Lys Ser Val Ser 
1745 1750 1755 1760 



Val Ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
35 1765 1770 1775 

Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg Asn He 
1780 1785 1790 

40 Gly Thr He Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 

1795 1800 1805 



Phe Thr Leu Glu Gly Gly He Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 1820 

Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1825 1830 1835 



50 This protein or polypeptide is about 198 kDa and has a pi of 8.98. 

The present invention relates to an isolated DNA molecule having a 
nucleotide sequence of SEQ. ID. No. 9 as follows: 

55 ATGACATCGT CACAGCAGCG GGTTGAAAGG TTTTTACAGT ATTTCTCCGG CGGGTGTAAA 60 

ACGCCCATAC AT C TGAAAGA CGGGGTGTGC GCCCTGTATA ACGAACAAGA TGAGGAGGCG 120 

GCGGTGCTGG AAGTACCGCA ACACAGCGAC AGCCTGTTAC TACACTGCCG AAT CATTGAG 18 0 

60 

GCTGACCCAC AAACTTCAAT AACCCTGTAT T CGATGC TAT TACAGCTGAA TTTTGAAATG 240 
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GCGGCCATGC GCGGCTGTTG GCTGGCGCTG GATGAACTGC ACAACGTGCG TTTATGTTTT 3 00 

CAGCAGTCGC TGGAGCATCT GGATGAAGCA AGTTTTAGCG AT AT CGT TAG CGGCTTCATC 360 

5 GAACATGCGG CAGAAGTGCG TGAGTATATA GCGCAATTAG ACGAGAGTAG CGCGGCATAA 42 0 

This is known as the dspF gene. This isolated DNA molecule of the present invention 
encodes a hypersensitive response elicitor protein or polypeptide having an amino 
10 acid sequence of SEQ. ID. No. 10 as follows: 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
15 10 15 

15 Ala Gly Cys Lys Thr Pro lie His Leu Lys Asp Gly Val Cys Ala Leu 

20 25 30 



20 



35 



Tyr Asn Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro Gin His 
35 40 45 

Ser Asp Ser Leu Leu Leu His Cys Arg He He Glu Ala Asp Pro Gin 
50 55 60 



Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
25 65 - 70 75 80 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 

30 Arg Leu Cys Phe Gin Gin Ser Leu Glu His Leu Asp Glu Ala Ser Phe 

100 105 110 



Ser Asp He Val Ser Gly Phe He Glu His Ala Ala Glu Val Arg Glu 

115 120 125 

Tyr He Ala Gin Leu Asp Glu Ser Ser Ala Ala 

130 135 



40 This protein or polypeptide is about 16 kDa and has a pi of 4.45. 

The hypersensitive response elicitor polypeptide or protein derived 
from Pseudomonas syringae has an amino acid sequence corresponding to SEQ. ID. 
No. 11 as follows: 

45 Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 

15 10 15 

Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

50 Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 

35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 55 60 
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Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly He Glu Asp Val 
65 70 75 80 

He Ala Ala Leu Asp Lys Leu Xle His Glu Lys Leu Gly Asp Asn Phe 
85 90 95 

5 Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 

100 105 110 

Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
10 130 135 140 

Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 
145 150 155 160 

Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 170 175 

15 Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp lie lie 

180 185 190 

Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
195 200 205 

Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser Ser 
20 210 215 220 

Val Met Gly Asp Pro Leu He Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 

Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 255 

25 Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 

260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
275 280 285 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
30 290 295 300 

Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 310 315 320 

Ala Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 
325 330 335 



35 



Asn Gin Ala Ala Ala 
340 
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This hypersensitive response elicitor polypeptide or protein has a molecular weight of 
34-35 lcDa. It is rich in glycine (about 13.5%) and lacks cysteine and tyrosine. 
Further information about the hypersensitive response elicitor derived from 
Pseudomonas syringae is found in He, S. Y. ? H. C. Huang, and A. Collmer, 
5 "Pseudomonas syringae pv. syringae Harpin Pss : a Protein that is Secreted via the Hrp 
Pathway and Elicits the Hypersensitive Response in Plants/' Cell 73:1255-1266 
(1993), which is hereby incorporated by reference. The DNA molecule encoding the 
hypersensitive response elicitor from Pseudomonas syringae has a nucleotide 
sequence corresponding to SEQ. ID. No. 12 as follows: 

10 



ATGCAGAGTC 


TCAGTCTTAA 


CAGCAGCTCG 


CTGCAAACCC 


CGGCAATGGC 


CCTTGTCCTG 


60 


GTACGTCCTG 


AAGCCGAGAC 


GACTGGCAGT 


ACGTCGAGCA 


AGGCGCTT CA 


GGAAGTTGTC 


120 


GTGAAGCTGG 


CCGAGGAACT 


GATGCGCAAT 


GGTCAACTCG 


ACGACAGCTC 


GCCATTGGGA 


180 


AAACTGTTGG 


CCAAGTCGAT 


GGCCGCAGAT 


GGCAAGGCGG 


GCGGCGGTAT 


TGAGGATGTC 


240 


ATCGCTGCGC 


TGGACAAGCT 


GATCCATGAA 


AAGCTCGGTG 


ACAACTTCGG 


CGCGTCTGCG 


300 


GACAGCGCCT 


CGGGTACCGG 


ACAGCAGGAC 


CTGATGACTC 


AGGTGCTCAA 


TGGCCTGGCC 


360 


AAGT CGATGC 


TCGATGATCT 


TCTGACCAAG 


CAGGATGGCG 


GGACAAGCTT 


CTC CGAAGAC 


420 


GATATGCCGA 


TGCTGAACAA 


GATCGCGGAG 


TTCATGGATG 


ACAATCCCGC 


ACAGTTTCCC 


480 


AAGCCGGACT 


CGGGCTCCTG 


GGTGAACGAA 


CTCAAGGAAG 


ACAACTTCCT 


TGATGGCGAC 


540 


GAAACGGCTG 


CGTTCCGTTC 


GGCACTCGAC 


AT CAT TGGC C 


AGCAACTGGG 


TAATCAGCAG 


600 


AGTGACGCTG 


GCAGTCTGGC 


AGGGACGGGT 


GGAGGT CTGG 


GCACTCCGAG 


CAGTTTTTCC 


660 


AACAACTCGT 


CCGTGATGGG 


TGATCCGCTG 


AT CGACGC CA 


ATACCGGTCC 


CGGTGACAGC 


720 


GGCAATACCC 


GTGGTGAAGC 


GGGGCAACTG 


ATCGGCGAGC 


TTATCGACCG 


TGGCCTGCAA 


780 


TCGGTATTGG 


CCGGTGGTGG 


ACTGGGCACA 


CCCGTAAACA 


CCCCGCAGAC 


CGGTACGTCG 


840 


GCGAATGGCG 


GACAGT CCGC 


TCAGGATCTT 


GATCAGTTGC 


TGGGCGGCTT 


GCTGCTCAAG 


900 


GGCCTGGAGG 


CAACGCTCAA 


GGATGCCGGG 


CAAACAGGCA 


CCGACGTGCA 


GTCGAGCGCT 


960 


GCGCAAATCG 


CCACCTTGCT 


GGTCAGTACG 


CTGCTGCAAG 


GCACCCGCAA 


TCAGGCTGCA 


1020 



GCCTGA 1026 



Another potentially suitable hypersensitive response elicitor from 
Pseudomonas syringae is disclosed in U.S. Patent Application Serial No. 09/120,817, 



WO 01/98501 PCT/US01/18820 

-27- 

which is hereby incorporated by reference. The protein has a nucleotide sequence of 
SEQ. ID. No. 13 as follows: 

TCCACTTCGC TGATTTTGAA ATTGGCAGAT TCATAGAAAC GTTCAGGTGT GGAAATCAGG 60 

5 

CTGAGTGCGG AGATTTCGTT GATAAGGGTG TGGTACTGGT CATTGTTGGT CATTTCAAGG 12 0 

CCTCTGAGTG CGGTGCGGAG CAATACCAGT CTTCCTGGTG GCGTGTGCAC ACTGAGT CGC 18 0 

10 AGGCATAGGC ATTTCAGTTC CTTGCGTTGG TTGGGCATAT AAAAAAAGGA ACTTTTAAAA 24 0 

ACAGTGCAAT GAGATGCCGG CAAAACGGGA ACCGGTCGCT GCGCTTTGCC ACTCACTTCG 3 00 

AGCAAGCTCA ACCCCAAACA TCCACATCCC TATCGAACGG ACAGCGATAC GGCCACTTGC 3 60 

15 

TCTGGTAAAC CCTGGAGCTG GCGTCGGTCC AATTGCCCAC TTAGCGAGGT AACGCAGCAT 42 0 

GAGCATCGGC ATCACACCCC GGCCGCAACA GACCACCACG CCACT CGATT TTTCGGCGCT 48 0 

20 AAGCGGCAAG AGTCCTCAAC CAAACACGTT CGGCGAGCAG AACACTCAGC AAGCGAT CGA 54 0 

CCCGAGTGCA CTGTTGTTCG GCAGCGACAC ACAGAAAGAC GTCAACTTCG GCACGCCCGA 600 
CAGCACCGTC CAGAATCCGC AGGACGCCAG CAAGCCCAAC GACAGCCAGT CCAACATCGC 66 0 

25 

TAAATTGATC AGTGCATTGA TCATGTCGTT GCTGCAGATG CTCACCAACT CCAATAAAAA 72 0 

GCAGGACACC AATCAGGAAC AGC CTGATAG CCAGGCTCCT TTCCAGAACA ACGGCGGGCT 78 0 

30 CGGTACACCG TCGGCCGATA GCGGGGGCGG CGGTACACCG GATGCGACAG GTGGCGGCGG 84 0 

CGGTGATACG CCAAGCGCAA CAGGCGGTGG CGGCGGTGAT ACTCCGACCG CAACAGGCGG 90 0 

TGGCGGCAGC GGTGGCGGCG GCACACCCAC TGCAACAGGT GGCGGCAGCG GTGG CACAC C 96 0 

CACTGCAACA GGCGGTGGCG AGGGTGGCGT AACACCGCAA ATCACTCCGC AGTTGGCCAA 102 0 

CCCTAACCGT AC CT CAGGTA CTGGCTCGGT GTCGGACACC GCAGGTTCTA CCGAGCAAGC 1080 

CGGCAAGATC AATGTGGTGA AAG AC AC CAT CAAGGTCGGC GC TGGCGAAG TCTTTGACGG 114 0 

CCACGGCGCA ACCTTCACTG CCGACAAATC TATGGGTAAC GGAGACCAGG GCGAAAATCA 12 00 

GAAGCCCATG TTCGAGCTGG CTGAAGGCGC TACGTTGAAG AATGTGAACC TGGGTGAGAA 1260 

CGAGGT C GAT GGCATCCACG TGAAAGCCAA AAACGCT C AG GAAGTCACCA TTGACAACGT 132 0 

GCATGCCCAG AACGTCGGTG AAGAC CTGAT TACGGTCAAA GGCGAGGGAG GCGCAGCGGT 13 80 

CACTAAT C TG AACATCAAGA ACAGCAGTGC CAAAGGTGCA GACGACAAGG TTGTCCAGCT 1440 

CAACGCCAAC ACTCACTTGA AAATCGACAA CTTCAAGGCC GACGATTTCG GCACGATGGT 1500 

TCGCACCAAC GGTGGCAAGC AGTTTGATGA CATGAGC AT C GAG CTGAACG GCATCGAAGC 1560 

TAACCACGGC AAGTTCGCCC TGGTGAAAAG CGACAGTGAC GATCTGAAGC TGGCAACGGG 162 0 

CAACATCGCC ATGACCGACG TCAAACACGC CTACGATAAA ACCCAGGCAT CGACCCAACA 1680 

C AC CGAGCTT TGAATCCAGA CAAGTAGCTT GAAAAAAGGG GGTGGACTC 1729 
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This DNA molecule is known as the dspE gene for Pseudomonas syringae. This 
isolated DNA molecule of the present invention encodes a protein or polypeptide 
which elicits a plant pathogen's hypersensitive response having an amino acid 
sequence of SEQ. ID. No. 14 as follows: 

5 

Met Ser lie Gly lie Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
15 10 15 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
10 20 25 30 

Glu Gin Asn Thr Gin Gin Ala lie Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

15 Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 

50 55 60 



20 



35 



50 



Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn He 
65 70 75 80 

Ala Lys Leu He Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
85 90 95 



Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 

25 ioo los no 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

30 Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 

130 135 140 



Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 

145 150 155 160 

Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 

165 170 175 



Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
40 180 185 190 

Pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 , 200 205 

45 Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 

210 215 220 



Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 230 235 240 

Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 



Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 
260 265 270 
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Leu Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly lie His Val 
275 280 285 

Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val His Ala Gin 
290 295 300 

Asn Val Gly Glu Asp Leu He Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn He Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 



Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys lie Asp Asn Phe 
15 340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

20 Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 

370 375 380 



Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 

385 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 

405 410 415 



Ala Ser Thr Gin His Thr Glu Leu 
30 420 



This protein or polypeptide is about 42.9 kDa. 

This hypersensitive response elicitor from Pseudomonas syringae has 1 
35 hypersensitive response eliciting domain. This domain extends, within SEQ. ID. No. 

14, from amino acid 45 to amino acid 102 ? particularly from amino acid 58 to amino 

acid 92. The acidic unit in the first domain extends, within SEQ. ID. No. 14, from 

amino acid 45 to amino acid 79, particularly from amino acid 58 to amino acid 79. 

The alpha-helix in the first domain extends, within SEQ. ID. No. 14, from amino acid 
40 79 to amino acid 102, particularly from amino acid 79 to amino acid 92. 

The hypersensitive response elicitor polypeptide or protein derived 

from Pseudomonas solanacearum has an amino acid sequence corresponding to SEQ. 

ID. No. 15 as follows: 

45 Met Ser Val Gly Asn lie Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 

15 10 15 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 
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Val Gin Asp Leu lie Lys Gin Val Glu Lys Asp lie Leu Asn lie lie 
35 40 45 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50 55 60 

5 Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 

65 70 75 ' 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
10 100 105 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 140 

15 Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 

145 150 155 160 

Glu Ala Leu Gin Glu lie Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
20 180 185 190 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

25 Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 

225 230 235 240 

Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 

Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin 
30 260 265 270 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Ser Pro Ala Ser Gly 
275 280 285 

Ala Asn Pro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
290 295 300 

35 Gly Gin Asn Asn Leu Gin Ser Gin He Met Asp Val Val Lys Glu Val 

305 310 315 320 



Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Gly Ser Gin 
325 330 335 
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Gin Ser Thr Ser Thr Gin Pro Met 
340 

It is encoded by a DNA molecule having a nucleotide sequence corresponding SEQ, 
ID. No. 16 as follows: 



ATGTCAGTCG 


GAAACATC C A 


GAGCCCGTCG 


7\ tv /~i jT-i m n /~i 

AACCTCCCGG 


nrnnrnn /~i ti ri tv 71 

GT CTG C AGAA 


CCTGAACCTC 


60 


AAC AC C AAC A 


G C AAC AG C C A 


GCAATCGGGC 


CAGTCCGTGC 


7V TV /— 1 TV /"1/—irp/"t7\ rp 

AAGACCTGAI 


C AAG C AGGT C 


120 


GAGAAGGACA 


T C C T C AAC AT 


CAT CGC AGC C 


CTCGTGCAGA 


w /~i r~i r~t /~t /~i /~t 7v r~i tv 

AGGC CG CACA 


GTCGGCGGGC 


18 0 


GGCAACACCG 


GIAACACCGG 


CAACGCGCCG 


G C bAAbbALb 


(~i(~iT\ TV rp/""" 1 TV 7V 

bLAA 1 bbLAA 


CGCGGGCGCC 


24 0 


AACGAC C C GA 


(~% i—i T\ TV ft TV 7V /"i/ -1 7V 


CCCGAGCAAG 


AlaCCAGbrC 1 C 


CbrCAbj 1 CGbrC 


f~*7\ 7V r~> 7\ 7V /~i 7V 

LAALAAbAL C 


3 0 0 


GGCAACGTCG 


ACGACGCCAA 


/*"t7\ "A /"~t/— 1 7V y^l i—1 TV rn 

CAACCAGGAT 


/-1<— 1/-17Vrp(^»^TV TV f~i 

CCGATGCAAG 


CGC 1 GA TGCA 


GC I GC X GGAA 


360 


LjACC JL LtLj 1 CjA 


Tv ft /— irp/-i prpr< t\ t\ 
AbjC 1 CjC 1 CAA 


brbrCbibrC Lt I \j 


LALA1 brCAbrC 


AbrC C CbrLi C LjLt 


/-1TV 7V rn/~< 7\ /"I T\ T\ /~i 

C AA 1 brA^AAbr 


42 0 


GGCAACGGCG 


TGGGCGGTGC 


CAACGGCGCC 


AAGGGTGCCG 


f~ir~\(~\ ririTK (~*f**r~* 
GCGGCCAGGG 


CGGCCTGGCC 


480 


GAAGCGCTGC 


AGGAGAT CGA 


GCAGAI CCTC 


GCCCAGC I CG 


bbbbLbbbbb 


1 GC X GGCGCC 


540 


GGCGGCGCGG 


GTGGCGGTGT 


CGGCGGTGCT 


GGTGGCGCGG 


ATGGCGGCTC 


CGGTGCGGGT 


600 


GGCGCAGGCG 


GTGCGAACGG 


CGCCGACGGC 


GGCAATGGCG 


TGAACGGCAA 


CCAGGCGAAC 


660 


GGCCCGCAGA 


ACGCAGGCGA 


TGTCAACGGT 


GCCAACGGCG 


CGGATGACGG 


CAGCGAAGAC 


720 


CAGGGCGGCC 


TCACCGGCGT 


GCTGCAAAAG 


CTGATGAAGA 


TCCTGAACGC 


GCTGGTGCAG 


780 


ATGATGCAGC 


AAGGCGGCCT 


CGGCGGCGGC 


AACCAGGCGC 


AGGGCGGCTC 


GAAGGGTGCC 


840 


GGCAACGCCT 


CGCCGGCTTC 


CGGCGCGAAC 


CCGGGCGCGA 


ACCAGCCCGG 


TTCGGCGGAT 


900 


GATCAATCGT 


CCGGCCAGAA 


CAATCTGCAA 


TCCCAGATCA 


TGGATGTGGT 


GAAGGAGGTC 


960 


GTCCAGATCC 


TGCAG CAGAT 


GCTGGCGGCG 


CAGAACGGCG 


GCAGCCAGCA 


GTCCACCTCG 


1020 


ACGCAGCCGA 


TGTAA 










1035 



25 Further information regarding the hypersensitive response elicitor polypeptide or 
protein derived from Pseudomonas solanacearum is set forth in Arlat, M. ? F. Van 
Gijsegem, J. C. Huet, J. C. Pemollet, and C. A. Boucher, "PopAl, a Protein which 
Induces a Hypersensitive-like Response in Specific Petunia Genotypes, is Secreted 
via the Hrp Pathway of Pseudomonas solanacearum" EMBO J, 13:543-533 (1994), 

30 which is hereby incorporated by reference. 

The hypersensitive response elicitor from Pseudomonas solanacearum has 2 
hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 
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No. 15, from amino acid 85 to amino acid 131, particularly from amino acid 95 to 
amino acid 123. The acidic unit in the first domain extends, within SEQ. ID. No. 15, 
from amino acid 85 to amino acid 111, particularly from amino acid 95 to amino acid 
123. The alpha-helix in the first domain extends, within SEQ. ED. No. 15, from 
5 amino acid 85 to amino acid 111, particularly from amino acid 95 to amino acid 111. 
The second domain extends, within SEQ. ID. No. 15, from amino acid 195 to amino 
acid 264, particularly from amino acid 229 to amino acid 258. The acidic unit in the 
second domain extends, within SEQ. ID. No. 15, from amino acid 195 to amino acid 
246, particularly from amino acid 229 to amino acid 264. The alpha-helix in the 
10 second domain extends, within SEQ. ID. No. 15, from amino acid 246 to amino acid 
264, particularly from amino acid 246 to amino acid 258. 

The N-terminus of the hypersensitive response elicitor polypeptide or 
protein from Xanthomonas campestris has an amino acid sequence corresponding to 
SEQ. ID. No. 17 as follows: 

15 

Met Asp Gly lie Gly Asn His Phe Ser Asn 



20 The hypersensitive response elicitor polypeptide or protein from 

Xanthomonas campestris pv. pelargonii is heat stable, protease sensitive, and has a 
molecular weight of 20 kDa. It includes an amino acid sequence corresponding to 
SEQ. ID. No. 18 as follows: 



25 Ser Ser Gin Gin Ser Pro Ser Ala Gly Ser Glu Gin Gin Leu Asp Gin 
15 10 15 



30 



Leu Leu Ala Met 
20 



Isolation of Erwinia carotovora hypersensitive response elictor protein 
or polypeptide is described in Cui et al., "The RsmA Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress hrp Ne cc and Elicit a Hypersensitive 
Reaction-like Response in Tobacco Leaves," MPML 9(7):565-73 (1996), which is 
35 hereby incorporated by reference. The hypersensitive response elicitor protein or 
polypeptide of Erwinia stewartii is set forth in Ahmad et al., "Harpin is Not 
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Necessary for the Pathogenicity of Ei*winia stewartii on Maize/' 8th Infl. Cong. 
Molec. Plant-Microbe Interact. , July 14-19, 1996 and Ahmad, et al., "Harpin is Not 
Necessary for the Pathogenicity of Erwinia stewartii on Maize/' Ann. Mtg. Am. 
Phytopath. Soc , July 27-31, 1996, which are hereby incorporated by reference. 
5 Hypersensitive response elicitor proteins or polypeptides from 

Phytophthora parasitica, Phytophthora cryptogea, Phytophthora cinnamoni, 
Phytophthora capsici, Phytophthora megasperma, and Phytophora citrophthora are 
described in Kaman, et al., "Extracellular Protein Elicitors from Phytophthora: Most 
Specificity and Induction of Resistance to Bacterial and Fungal Phytopathogens," 

10 Molec. Plant-Microbe Interact. , 6(l):15-25 (1993), Ricci et al., "Structure and 
Activity of Proteins from Pathogenic Fungi Phytophthora Eliciting Necrosis and 
Acquired Resistance in Tobacco/' Eur. J. Biochercu 183:555-63 (1989), Ricci et al., 
"Differential Production of Parasiticein, and Elicitor of Necrosis and Resistance in 
Tobacco, by Isolates of Phytophthora parasitica," Plant Path. 41:298-307 (1992), 

15 Baillreul et al, "A New Elicitor of the Hypersensitive Response in Tobacco: A 

Fungal Glycoprotein Elicits Cell Death, Expression of Defence Genes, Production of 
Salicylic Acid, and Induction of Systemic Acquired Resistance/' Plant J. , 8(4):551-60 
(1995), and Bonnet et al., "Acquired Resistance Triggered by Elicitors in Tobacco 
and Other Plants/ 5 Eur. J. Plant Path., 102:181-92 (1996), which are hereby 

20 incorporated by reference. 

Another hypersensitive response elicitor in accordance with the present 
invention is from Clavibacter michiganensis subsp. sepedonicus which is fully 
described in U.S. Patent Application Serial No. 09/136,625, which is hereby 
incorporated by reference. 

25 The above elicitors are exemplary. Other elicitors can be identified by 

growing fungi or bacteria that elicit a hypersensitive response under conditions which 
genes encoding an elicitor are expressed. Cell-free preparations from culture 
supernatants can be tested for elicitor activity (i.e. local necrosis) by using them to 
infiltrate appropriate plant tissues. 

30 Fragments of the above hypersensitive response elicitor polypeptides 

or proteins as well as fragments of full length elicitors from other pathogens are 
encompassed by the method of the present invention. 
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Suitable fragments can be produced by several means. In the first, 
subclones of the gene encoding a known elicitor protein are produced by conventional 
molecular genetic manipulation by subcloning gene fragments. The subclones then 
are expressed in vitro or in vivo in bacterial cells to yield a smaller protein or peptide 
5 that can be tested for elicitor activity according to the procedure described below. 

As an alternative, fragments of an elicitor protein can be produced by 
digestion of a full-length elicitor protein with proteolytic enzymes like chymotrypsin 
or Staphylococcus proteinase A, or trypsin. Different proteolytic enzymes are likely 
to cleave elicitor proteins at different sites based on the amino acid sequence of the 
10 elicitor protein. Some of the fragments that result from proteolysis may be active 
elicitors of resistance. 

In another approach, based on knowledge of the primary structure of 
the protein, fragments of the elicitor protein gene may be synthesized by using the 
PGR technique together with specific sets of primers chosen to represent particular 
15 portions of the protein. These then would be cloned into an appropriate vector for 
expression of a truncated peptide or protein. 

Chemical synthesis can also be used to make suitable fragments. Such 
a synthesis is carried out using known amino acid sequences for the elicitor being 
produced. Alternatively, subjecting a full length elicitor to high temperatures and 
20 pressures will produce fragments. These fragments can then be separated by 
conventional procedures (e.g., chromatography, SDS-PAGE). 

An example of suitable fragments of a hypersensitive response elicitor 
which do elicit a hypersensitive response are Erwinia amylovora fragments including 
a C -terminal fragment of the amino acid sequence of SEQ. ID. No. 3, an N-terminal 
25 fragment of the amino acid sequence of SEQ. ID. No. 3, or an internal fragment of the 
amino acid sequence of SEQ. ID. No. 3. The C-terminal fragment of the amino acid 
sequence of SEQ. ID. No. 3 can span amino acids 105 and 403 of SEQ. ID. No. 3. 
The N-terminal fragment of the amino acid sequence of SEQ. ID. No. 3 can span the 
following amino acids of SEQ. ID. No. 3: 1 and 98, 1 and 104, 1 and 122, 1 and 168, 
30 1 and 218, 1 and 266, 1 and 342, 1 and 321, and 1 and 372. The internal fragment of 
the amino acid sequence of SEQ. ID. No. 3 can span the following amino acids of 
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SEQ. ID. No. 3: 76 and 209, 105 and 209, 99 and 209, 137 and 204, 137 and 200, 
109 and 204, 109 and 200, 137 and 180, and 105 and 180. 

Suitable DNA molecules are those that hybridize to the DNA molecule 
comprising a nucleotide sequence of SEQ. ID. Nos. 2, 4, 5, 7, 9, 12, 13, and 16 under 
5 stringent conditions. An example of suitable high stringency conditions is when 

hybridization is carried out at 65 °C for 20 hours in a medium containing 1M NaCl, 50 
mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.1% sodium dodecyl sulfate, 0.2% ficoll, 
0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin, 50 pm g/ml E. coli DNA. 
Suitable stringency conditions also include hybridization in a hybridization buffer 

10 comprising 0.9M sodium citrate ("SSC") buffer at a temperature of 37°C where 

hybridized nucleic acids remain bound when subject to washing the SSC buffer at a 
temperature of 37°C; and preferably in a hybridization buffer comprising 20% 
formamide in 0.9M SSC buffer at a temperature of 42°C where hybridized nucleic 
acids remain bound when subject to washing at 42°C with 0.2x SSC buffer at 42°C 

15 Variants may be made by, for example, the deletion or addition of 

amino acids that have minimal influence on the properties, secondary structure and 
hydropathic nature of the polypeptide. For example, a polypeptide may be conjugated 
to a signal (or leader) sequence at the N-terminal end of the protein which co~ 
translationally or post-translationally directs transfer of the protein. The polypeptide 

20 may also be conjugated to a linker or other sequence for ease of synthesis, 
purification, or identification of the polypeptide. 

A particularly advantageous aspect of the present invention involves 
utilizing a protein having a pair or more, particularly 3 or more, coupled domains. 
These domains can be from different source organisms. When a DNA molecule 

25 encoding such a protein is prepared, it can be advantageously used to make transgenic 
plants. The use of a gene encoding such domains, as opposed to a gene encoding a 
full length hypersensitive response elicitor, has a number of benefits. Firstly, such a 
gene is easier to synthesize. More significantly, the use of a plurality of domains 
together from different source organisms can impart their combined benefits to a 

3 0 transgenic plant. 

The DNA molecule encoding the hypersensitive response elicitor 
polypeptide or protein can be incorporated in cells using conventional recombinant 
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DNA technology. Generally, this involves inserting the DNA molecule into an 
expression system to which the DNA molecule is heterologous (i.e. not normally 
present). The heterologous DNA molecule is inserted into the expression system or 
vector in proper sense orientation and correct reading frame. The vector contains the 
5 necessary elements for the transcription and translation of the inserted protein-coding 
sequences. 

U.S. Patent No. 4,237,224 to Cohen and Boyer, which is hereby 
incorporated by reference, describes the production of expression systems in the form 
of recombinant plasmids using restriction enzyme cleavage and ligation with DNA 

10 ligase. These recombinant plasmids are then introduced by means of transformation 
and replicated in unicellular cultures including procaryotic organisms and eucaryotic 
cells grown in tissue culture. 

Recombinant genes may also be introduced into viruses, such as 
vaccina virus. Recombinant viruses can be generated by transfection of plasmids into 

1 5 cells infected with virus . 

Suitable vectors include, but are not limited to, the following viral 
vectors such as lambda vector system gtl 1, gt WES.tB, Charon 4, and plasmid vectors 
such as pBR322, pBR325, pACYC177, pACYC1084, pUC8, pUC9, pUC18, pUC19, 
pLG339, pR290, pKC37, pKClOl, SV 40, pBluescript II SK +/- or KS +/- (see 

20 "Stratagene Cloning Systems" Catalog (1993) from Stratagene, La Jolla, Calif, which 
is hereby incorporated by reference), pQE, pIH821, pGEX, pET series (see F.W. 
Studier et. al., "Use of T7 RNA Polymerase to Direct Expression of Cloned Genes," 
Gene Expression Technology vol. 185 (1990), which is hereby incorporated by 
reference), and any derivatives thereof. Recombinant molecules can be introduced 

25 into cells via transformation, particularly transduction, conjugation, mobilization, or 
electroporation. The DNA sequences are cloned into the vector using standard 
cloning procedures in the art, as described by Sambrook et al., Molecular Cloning: A 
Laboratory Manual , Cold Springs Laboratory, Cold Springs Harbor, New York 
(1989), which is hereby incorporated by reference. 

30 A variety of host- vector systems may be utilized to express the protein- 

encoding sequence(s). Primarily, the vector system must be compatible with the host 
cell used. Host-vector systems include but are not limited to the following: bacteria 
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transformed with bacteriophage DNA, plasmid DNA, or cosmid DNA; 
microorganisms such as yeast containing yeast vectors; mammalian cell systems 
infected with virus (e.g., vaccinia virus, adenovirus, etc.); insect cell systems infected 
with virus (e.g., baculovirus); and plant cells infected by bacteria. The expression 
5 elements of these vectors vary in their strength and specificities. Depending upon the 
host-vector system utilized, any one of a number of suitable transcription and 
translation elements can be used. 

Different genetic signals and processing events control many levels of 
gene expression (e.g., DNA transcription and messenger RNA (mRNA) translation). 

10 Transcription of DNA is dependent upon the presence of a promotor 

which is a DNA sequence that directs the binding of RNA polymerase and thereby 
promotes mRNA synthesis. The DNA sequences of eucaryotic promotors differ from 
those of procaryotic promotors. Furthermore, eucaryotic promotors and 
accompanying genetic signals may not be recognized in or may not function in a 

15 procaryotic system, and, further, procaryotic promotors are not recognized and do not 
function in eucaryotic cells. 
< Similarly, translation of mRNA in procaryotes depends upon 

the presence of the proper procaryotic signals which differ from those of eucaryotes. 
Efficient translation of mRNA in procaryotes requires a ribosome binding site called 

20 the Shine-Dalgarno ("SD") sequence on the mRNA. This sequence is a short 

nucleotide sequence of mRNA that is located before the start codon, usually AUG, 
which encodes the amino-terminal methionine of the protein. The SD sequences are 
complementary to the 3 5 -end of the 16S rRNA (ribosomal RNA) and probably 
promote binding of mRNA to ribo somes by duplexing with the rRNA to allow correct 

25 positioning of the ribosome. For a review on maximizing gene expression, see 
Roberts and Lauer, Methods in Enzymology , 68:473 (1979), which is hereby 
incorporated by reference. 

Promotors vary in their "strength" (i.e. their ability to promote 
transcription). For the purposes of expressing a cloned gene, it is desirable to use 

30 strong promotors in order to obtain a high level of transcription and, hence, 

expression of the gene. Depending upon the host cell system utilized, any one of a 
number of suitable promotors may be used. For instance, when cloning in E, coli, its 
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bacteriophages, or plasmids, promoters such as the T7 phage promoter, lac promoter, 
trp promotor, recA promoter, ribosomal RNA promotor, the P R and P L promotors of 
coliphage lambda and others, including but not limited, to lacUVS, ompF, bla, lpp 0 
and the like, may be used to direct high levels of transcription of adjacent DNA 
5 segments. Additionally, a hybrid trp-lacUV5 (tac) promo tor or other E. coli 

promotors produced by recombinant DNA or other synthetic DNA techniques may be 
used to provide for transcription of the inserted gene. 

Bacterial host cell strains and expression vectors may be chosen which 
inhibit the action of the promotor unless specifically induced. In certain operations, 

10 the addition of specific inducers is necessary for efficient transcription of the inserted 
DNA. For example, the lac operon is induced by the addition of lactose or EPTG 
(isopropyltbio-beta-D-galactoside). A variety of other operons, such as trp, pro, etc., 
are under different controls. 

Specific initiation signals are also required for efficient gene 

15 transcription and translation in procaryotic cells. These transcription and translation 
initiation signals may vary in "strength" as measured by the quantity of gene specific 
messenger RNA and protein synthesized, respectively. The DNA expression vector, 
which contains a promotor, may also contain any combination of various "strong" 
transcription and/or translation initiation signals. For instance, efficient translation in 

20 E. coli requires an SD sequence about 7-9 bases 5 5 to the initiation codon ("ATG") to 
provide a ribosome binding site. Thus, any SD-ATG combination that can be utilized 
by host cell ribosomes may be employed. Such combinations include but are not 
limited to the SD-ATG combination from the cro gene or the N gene of coliphage 
lambda, or from the E. coli tryptophan E, D, C, B or A genes. Additionally, any SD- 

25 ATG combination produced by recombinant DNA or other techniques involving 
incorporation of synthetic nucleotides may be used. 

Once the isolated DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein has been cloned into an expression system, it is ready 
to be incorporated into a host cell. Such incorporation can be carried out by the 

30 various forms of transformation noted above, depending upon the vector/host cell 
system. Suitable host cells include, but are not limited to, plant cells as well as 
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prokaryotic and eukaryotic cells, such as bacteria, virus, yeast, mammalian, insect 
cells, and the like. 

The present invention further relates to methods of imparting disease 
resistance to plants, enhancing plant growth, effecting insect control and/or imparting 
5 stress resistance to plants. These methods involve applying a hypersensitive response 
elicitor polypeptide or protein to all or part of a plant or a plant seed under conditions 
where the polypeptide or protein contacts all or part of the cells of the plant or plant 
seed. Alternatively, the hypersensitive response elicitor protein or polypeptide can be 
applied to plants such that seeds recovered from such plants themselves are able to 

10 impart disease resistance in plants, to enhance plant growth, to effect insect control, 
and/or to impart stress resistance. 

As an alternative to applying a hypersensitive response elicitor 
polypeptide or protein to plants or plant seeds in order to impart disease resistance in 
plants, to effect plant growth, to control insects, and/or to impart stress resistance to 

15 the plants or plants grown from the seeds, transgenic plants or plant seeds can be 

utilized. When utilizing transgenic plants, this involves providing a transgenic plant 
transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein and growing the plant under conditions effective to permit that 
DNA molecule to impart disease resistance to plants, to enhance plant growth, to 

20 control insects, and/or to impart stress resistance. Alternatively, a transgenic plant 
seed transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein can be provided and planted in soil. A plant is then propagated 
from the planted seed under conditions effective to permit that DNA molecule to 
impart disease resistance to plants, to enhance plant growth, to control insects, and/or 

25 to impart stress resistance. 

The method of the present invention can be utilized to treat a wide 
variety of plants or their seeds to impart disease resistance, enhance growth, control 
insects, and/or to impart stress resistance. Suitable plants include dicots and 
monocots. More particularly, useful crop plants can include: alfalfa, rice, wheat, 

30 barley, rye, cotton, sunflower, peanut, corn, potato, sweet potato, bean, pea, chicory, 
lettuce, endive, cabbage, brussel sprout, beet, parsnip, turnip, cauliflower, broccoli, 
turnip, radish, spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, 
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pxunpkin, zucchini, cucumber, apple, pear, melon, citrus, strawberry, grape, raspberry, 
pineapple, soybean, tobacco, tomato, sorghum, and sugarcane. Examples of suitable 
ornamental plants are: Arabidopsis thaliana, Saintpaulia, petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia. 
5 With regard to the use of the hypersensitive response elicitor protein or 

polypeptide of the present invention in imparting disease resistance, absolute 
immunity against infection may not be conferred, but the severity of the disease is 
reduced and symptom development is delayed. Lesion number, lesion size, and 
extent of sporulation of fungal pathogens are all decreased. This method of imparting 

10 disease resistance has the potential for treating previously untreatable diseases, 

treating diseases systemically which might not be treated separately due to cost, and 
avoiding the use of infectious agents or environmentally harmful materials. 

The method of imparting pathogen resistance to plants in accordance 
with the present invention is useful in imparting resistance to a wide variety of 

15 pathogens including viruses, bacteria, and fungi. Resistance, inter alia, to the 

following viruses can be achieved by the method of the present invention: Tobacco 
mosaic virus and Tomato mosaic virus. Resistance, inter alia, to the following 
bacteria can also be imparted to plants in accordance with present invention: 
Pseudomonas solancearum, Pseudomonas syringae pv. tabaci y and Xanthamonas 

20 campestris pv. pelargonii. Plants can be made resistant, inter alia, to the following 
fungi by use of the method of the present invention: Fusarium oxysporum and 
Phytophthora infestans. 

With regard to the use of the hypersensitive response elicitor protein or 
polypeptide of the present invention to enhance plant growth, various forms of plant 

25 growth enhancement or promotion can be achieved. This can occur as early as when 
plant growth begins from seeds or later in the life of a plant. For example, plant 
growth according to the present invention encompasses greater yield, increased 
quantity of seeds produced, increased percentage of seeds germinated, increased plant 
size, greater biomass, more and bigger fruit, earlier fruit coloration, and earlier fruit 

30 and plant maturation. As a result, the present invention provides significant economic 
benefit to growers. For example, early germination and early maturation permit crops 
to be grown in areas where short growing seasons would otherwise preclude their 
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growth in that locale. Increased percentage of seed germination results in improved 
crop stands and more efficient seed use. Greater yield, increased size, and enhanced 
biomass production allow greater revenue generation from a given plot of land. 

Another aspect of the present invention is directed to effecting any 
5 form of insect control for plants. For example, insect control according to the present 
invention encompasses preventing insects from contacting plants to which the 
hypersensitive response elicitor has been applied, preventing direct insect damage to 
plants by feeding injury, causing insects to depart from such plants, killing insects 
proximate to such plants, interfering with insect larval feeding on such plants, 

10 preventing insects from colonizing host plants, preventing colonizing insects from 
releasing phytotoxins, etc. The present invention also prevents subsequent disease 
damage to plants resulting from insect infection. 

The present invention is effective against a wide variety of insects. 
European corn borer is a major pest of com (dent and sweet com) but also feeds on 

1 5 over 200 plant species including green, wax, and lima beans and edible soybeans, 

peppers, potato, and tomato plus many weed species, Additional insect larval feeding 
pests which damage a wide variety of vegetable crops include the following: beet 
armyworm, cabbage looper, com ear worm, fall armyworm, diamondback moth, 
cabbage root maggot, onion maggot, seed com maggot, picklewonn (melonworm), 

20 pepper maggot, and tomato pinworm. Collectively, this group of insect pests 

represents the most economically important group of pests for vegetable production 
worldwide. 

Another aspect of the present invention is directed to imparting stress 
resistance to plants. Stress encompasses any environmental factor having an adverse 

25 effect on plant physiology and development. Examples of such environmental stress 
include climate-related stress (e.g., drought, water, frost, cold temperature, high 
temperature, excessive light, and insufficient light), air polllution stress (e.g., carbon 
dioxide, carbon monoxide, sulfur dioxide, NO x? hydrocarbons, ozone, ultraviolet 
radiation, acidic rain), chemical (e.g., insecticides, fungicides, herbicides, heavy 

30 metals), and nutritional stress (e.g., fertilizer, micronutrients, macronutrients). Use of 
hypersensitive response elicitors in accordance with the present invention impart 
resistance to plants against such forms of environmental stress. 
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The method of the present invention involving application of the 
hypersensitive response elicitor polypeptide or protein can be carried out through a 
variety of procedures when all or part of the plant is treated, including leaves, stems, 
roots, propagules (e.g., cuttings), etc. This may (but need not) involve infiltration of 
5 the hypersensitive response elicitor polypeptide or protein into the plant. Suitable 
application methods include high or low pressure spraying, injection, and leaf 
abrasion proximate to when elicitor application takes place. When treating plant 
seeds, in accordance with the application embodiment of the present invention, the 
hypersensitive response elicitor protein or polypeptide can be applied by low or high 

10 pressure spraying, coating, immersion, or injection. Other suitable application 
procedures can be envisioned by those skilled in the art provided they are able to 
effect contact of the hypersensitive response elicitor polypeptide or protein with cells 
of the plant or plant seed. Once treated with the hypersensitive response elicitor of 
the present invention, the seeds can be planted in natural or artificial soil and 

15 cultivated using conventional procedures to produce plants. After plants have been 
propagated from seeds treated in accordance with the present invention, the plants 
may be treated with one or more applications of the hypersensitive response elicitor 
protein or polypeptide to impart disease resistance to plants, to enhance plant growth, 
to control insects on the plants, and/or impart stress resistance. 

20 The hypersensitive response elicitor polypeptide or protein can be 

applied to plants or plant seeds in accordance with the present invention alone or in a 
mixture with other materials. Alternatively, the hypersensitive response elicitor 
polypeptide or protein can be applied separately to plants with other materials being 
applied at different times. 

25 A composition suitable for treating plants or plant seeds in accordance 

with the application embodiment of the present invention contains a hypersensitive 
response elicitor polypeptide or protein in a carrier. Suitable carriers include water, 
aqueous solutions, slurries, or dry powders. In this embodiment, the composition 
contains greater than 500 nM hypersensitive response elicitor polypeptide or protein. 

30 Although not required, this composition may contain additional 

additives including fertilizer, insecticide, fungicide, nematacide, and mixtures thereof. 
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Suitable fertilizers include (NH 4 ) 2 N03. An example of a suitable insecticide is 
Malathion. Useful fungicides include Captan. 

Other suitable additives include buffering agents, wetting agents, 
coating agents, and abrading agents. These materials can be used to facilitate the 
5 process of the present invention. In addition, the hypersensitive response elicitor 
polypeptide or protein can be applied to plant seeds with other conventional seed 
formulation and treatment materials, including clays and polysaccharides. 

In the alternative embodiment of the present invention involving the 
use of transgenic plants and transgenic seeds, a hypersensitive response elicitor 
10 polypeptide or protein need not be applied topically to the plants or seeds. Instead, 
transgenic plants transformed with a DNA molecule encoding a hypersensitive 
response elicitor polypeptide or protein are produced according to procedures well 
known in the art. 

The vector described above can be microinjected directly into plant 

1 5 cells by use of micropipettes to transfer mechanically the recombinant DNA. 

Crossway, Mol. Gen. Genetics , 202:179-85 (1985), which is hereby incorporated by 
reference. The genetic material may also be transferred into the plant cell using 
polyethylene glycol. Krens, et al., Nature , 296:72-74 (1982), which is hereby 
incorporated by reference. 

20 Another approach to transforming plant cells with a gene which 

imparts resistance to pathogens is particle bombardment (also known as biolistic 
transformation) of the host cell. This can be accomplished in one of several ways. 
The first involves propelling inert or biologically active particles at cells. This 
technique is disclosed in U.S. Patent Nos. 4,945,050, 5,036,006, and 5,100,792, all to 

25 Sanford et al., which are hereby incorporated by reference. Generally, this procedure 
involves propelling inert or biologically active particles at the cells under conditions 
effective to penetrate the outer surface of the cell and to be incorporated within the 
interior thereof. When inert particles are utilized, the vector can be introduced into 
the cell by coating the particles with the vector containing the heterologous DNA. 

30 Alternatively, the target cell can be surrounded by the vector so that the vector is 
carried into the cell by the wake of the particle. Biologically active particles (e.g., 



WO 01/98501 



PCT/US01/18820 



-44- 

dried bacterial cells containing the vector and heterologous DNA) can also be 
propelled into plant cells. 

Yet another method of introduction is fusion of protoplasts with other 
entities, either minicells, cells, lysosomes or other fusible lipid-surfaced bodies. 
5 Fraley, et al., Proc. Natl. Acad. Sci. USA , 79:1859-63 (1982), which is hereby 
incorporated by reference. 

The DNA molecule may also be introduced into the plant cells by 
electroporation. Fromm et al., Proc. Natl. Acad. Sci. USA . 82:5824 (1985), which is 
hereby incorporated by reference. In this technique, plant protoplasts are 
10 electroporated in the presence of plasmids containing the expression cassette. 
Electrical impulses of high field strength reversibly permeabilize biomembranes 
allowing the introduction of the plasmids. Electroporated plant protoplasts reform the 
cell wall, divide, and regenerate. 

Another method of introducing the DNA molecule into plant cells is to 
15 infect a plant cell with Agrobacterium tumefaciens or A. rhizogenes previously 
transformed with the gene. Under appropriate conditions known in the art, the 
transformed plant cells are grown to form shoots or roots, and develop further into 
plants. Generally, this procedure involves inoculating the plant tissue with a 
suspension of bacteria and incubating the tissue for 48 to 72 hours on regeneration 
20 medium without antibiotics at 25-28°C. 

Agrobacterium is a representative genus of the gram-negative family 
Rhizobiaceae. Its species are responsible for crown gall {A. tumefaciens) and hairy 
root disease {A. rhizogenes). The plant cells in crown gall tumors and hairy roots are 
induced to produce amino acid derivatives known as opines, which are catabolized 
25 only by the bacteria. The bacterial genes responsible for expression of opines are a 
convenient source of control elements for chimeric expression cassettes. In addition, 
assaying for the presence of .opines can be used to identify transformed tissue. 

Heterologous genetic sequences can be introduced into appropriate 
plant cells, by means of the Ti plasmid of A. tumefaciens or the Ri plasmid of A. 
30 rhizogenes. The Ti or Ri plasmid is transmitted to plant cells on infection by 

Agrobacterium and is stably integrated into the plant genome. J. Schell, Science, 
237:1 176-83 (1987), which is hereby incorporated by reference. 
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After transformation, the transformed plant cells must be regenerated. 

Plant regeneration from cultured protoplasts is described in Evans et 
al., Handbook of Plant Cell Cultures, Vol. 1 : (MacMillan Publishing Co., New York, 
1983); and Vasil I.R. (ed.), Cell Culture and Somatic Cell Genetics of Plants , Acad. 
5 Press, Orlando, Vol. I, 1984, and Vol. Ill (1986), which are hereby incorporated by 
reference. 

It is known that practically all plants can be regenerated from cultured 
cells or tissues, including but not limited to, all major species of sugarcane, sugar 
beets, cotton, fruit trees, and legumes. 

10 Means for regeneration vary from species to species of plants, but 

generally a suspension of transformed protoplasts or a petri plate containing 
transformed explants is first provided. Callus tissue is formed and shoots may be 
induced from callus and subsequently rooted. Alternatively, embryo formation can be 
induced in the callus tissue. These embryos germinate as natural embryos to form 

15 plants. The culture media will generally contain various amino acids and hormones, 
such as auxin and cytokinins. It is also advantageous to add glutamic acid and proline 
to the medium, especially for such species as com and alfalfa. Efficient regeneration 
will depend on the medium, on the genotype, and on the history of the culture. If 
these three variables are controlled, then regeneration is usually reproducible and 

20 repeatable. 

After the expression cassette is stably incorporated in transgenic plants, 
it can be transferred to other plants by sexual crossing. Any of a number of standard 
breeding techniques can be used, depending upon the species to be crossed. 

Once transgenic plants of this type are produced, the plants themselves 

25 can be cultivated in accordance with conventional procedure with the presence of the 
gene encoding the hypersensitive response elicitor resulting in disease resistance, 
enhanced plant growth, control of insects on the plant, and/or stress resistance. 
Alternatively, transgenic seeds are recovered from the transgenic plants. These seeds 
can then be planted in the soil and cultivated using conventional procedures to 

30 produce transgenic plants. The transgenic plants are propagated from the planted 
transgenic seeds under conditions effective to impart disease resistance to plants, to 
enhance plant growth, to control insects, and/or to impart stress resistance. While not 
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wishing to be bound by theory, such disease resistance, growth enhancement, insect 
control, and/or stress resistance may be RNA mediated or may result from expression 
of the elicitor polypeptide or protein. 

When transgenic plants and plant seeds are used in accordance with the 
5 present invention, they additionally can be treated with the same materials as are used 
to treat the plants and seeds to which a hypersensitive response elicitor polypeptide or 
protein is applied. These other materials, including hypersensitive response elicitors, 
can be applied to the transgenic plants and plant seeds by the above-noted procedures, 
including high or low pressure spraying, injection, coating, and immersion. Similarly, 
10 after plants have been propagated from the transgenic plant seeds, the plants may be 
treated with one or more applications of the hypersensitive response elicitor to impart 
disease resistance, enhance growth, control insects, and/or to impart stress resistance. 
Such plants may also be treated with conventional plant treatment agents (e.g., 
insecticides, fertilizers, etc.). 

15 

EXAMPLES 

Example 1 - Bacterial Strains and Plasmids 

20 Escherichia coli DH5 and BL21 were purchased from Gibco BRL 

(Rockville, MD) and Novagen (Madison, WI) respectively. 

pET28 plasmids were from Novagen (Madison, WI). 

All restriction enzymes (e.g., Ndel and Hindlll), T4 DNA ligase, Calf 
intestinal alkaline phosphatase (CIP), and PCR reagents were from Gibco BRL 
25 (Rockville, MD). 

Oligonucleotides were synthesized by Lofstrand Labs Ltd 
(Gaithersburg, MD). 

Chemically synthesized polypeptides were synthesized by Bio- 
Synthesis (Lewisville, TX). 



30 



Example 2 - Construction of Truncated Gene Encoding Harpin 

Fragments of genes encoding harpin proteins were constructed in 
pET28 vector and expressed in E. coli as follows; 
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1 . HrpN fragments were PCR amplified from the pCPP2 139 
plasmid (Cornell University, Ithaca, NY) and cloned into 
pET28 vector. 

2. HrpZ fragments were PCR amplified from the pSYHIO 

5 plasmid (Cornell University, Ithaca, NY) and cloned into 

pET28 vector. 

3 . PopA fragments were PCR amplified from the pBS : :popA 
plasmid (Cornell University, Ithaca, NY) and cloned into 
pET28 vector. 

10 4. HrpW fragments were PCR amplified from the pCPP 1233 

1 plasmid (Cornell University, Ithaca, NY) and cloned into 

pET28 vector. 

All truncated fragments were amplified by PCR with full length harpin 
DNA as the template. 

15 Oligonucleotides corresponding to the truncated N-terminal sequence 

were started /modified with a Nde I site (which serves as an initiation codon of 
methionine (ATG)). Oligonucleotides corresponding to a C-terminal sequence 
contained a UAA stop codon followed by a Hind III site. 

PCR was carried in a 0.5 ml tube with GeneAmpTM 9600 and 9700 

20 (PE Applied Biosystems, Branchburg, New Jersey). 45 jllI of SuperMix™ (Gibco 

BRL, Rockville, MD) was mixed with 20 pmoles of each pair of DNA primers, 10 ng 
of full length harpin DNA, and diH^O to fill the final volume to 50 jul After heating 
the mixture at 95°C for 2 min., PCR was performed for 30 cycles at 94°C for 1 min., 
58°C for 1 min. and 72°C for 1.5 min. Amplified DNAs were purified with QIAquick 

25 PCR purification kit (QIAGEN Inc., Vlencia, CA), digested with Nde I and Hind III 
at 37 C for 5 hours, extracted once with phenol:chloroform:isoamylalcohol (25:24:1), 
and precipitated with ethanol. 5 jag of pET28(b) vector DNA was digested with 
15 units of Nde I and 20 units of Hind III at 37°C for 3 hours followed with calf 
intestinal alkaline phosphatase treatment for 30 min. at 37°C to reduce the background 

30 resulting from incomplete single enzyme digestion. Digested vector DNA was 
purified with the QIAquick PCR purification kit and directly used for ligation. 
Ligation was carried at 14°C for 12 hours in a 15 jul mixture containing about 50 to 
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100 ng of digested pET28(b), 10 to 30 ng of targeted PCR fragments, and 1 unit of T4 
DNA ligase. 5 jul of ligation solution was added to 100 jllI of DH5ot/XLl-Blue 
competent cells, placed in 15 ml Falcon tube, and incubated on ice for 30 min. After 
heat shock at 42°C for 45 seconds, 0.9 ml SOC solution (20 g bacto-tryptone, 5 g 
5 bacto-yeast extracts, 0.5 g NaCl, 20 mM glucose in one liter) was added into the tube 
and incubated at 37°C for 1 hour. 20 \xl of transformed cells were plated onto LB agar 
plate with 30 |ug/ml of kanamycin and incubated at 37°C for 14 hours. Single 
colonies were transferred to 3 ml LB-media and incubated overnight at 37 C. Plasmid 
DNA was prepared in a 2 ml culture with QIAprep Miniprep kit according to the 
10 manufacture's instruction. The DNA sequence of truncated harpin constructions was 
verified with restriction enzyme analysis and sequencing analysis. Plasmids with the 
desired DNA sequence were transferred into the BL21 strain with a standard chemical 
transformation method as indicated above. 

1 5 Example 3 - Expression of Proteins 

A single clone of E. coli with a constructed gene was grown overnight 
at 37°C in LB with kanamycin. A proper amount of overnight culture was transferred 
to 50 to 500 ml LB and incubated at 37°C until OD600 reached 0.5 to 0.8. ITPG was 

20 added to the culture which was further incubated at room temperature for a period of 
5 hour to overnight. Alternatively, a proper amount of overnight culture was 
transferred to 50 to 500 ml of l A TB with lactose medium (6 g bacto-trypton, 12 g 
bacto-yeast extract, 75 g lactose in one liter). After incubation at 37°C until the 
OD600 reached 0.5 to 0.8, the culture was incubated at room temperature for a period 

25 of 5 hours to overnight. 

All bacterial cells were harvested by centrifugation and resuspended in 
1 :5 TE buffer (10 mM Tris, pH 8.5 and 1 mM EDTA). The cells were disrupted by 
sonication and clarified by centrifugation. Supernatants were then infiltrated into 
tobacco leaves for HR testing. 

30 Heat treatment (i.e. boiling for 1 to 10 min.) was used to achieve 

further purification. 

All truncated fragments of genes encoding harpin protein were 
expressed in E. coli/ BL-21, DE3 strain with an N-terminal His-tag and 20 to 21 
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amino acid residues generated from the expression vector sequence. The His-tag 
sequence did not affect the HR activity of the proteins. In some cases, Ni-Agarose 
beads were added into supernatant solution and mixed at 4°C to room temperature for 
a period of 30 min. to overnight. The proteins bound to the Ni-Agarose beads were 
5 washed by 0.1 M imidazole buffer, and proteins were eluted with 0.6 to 1 .0 M 
imidazole. After dialysis against 10 mM Tris, pH 8.5 buffer, the proteins were 
infiltrated into tobacco leaves for HR testing. 

For proteins expressed in E. coli that were difficult to dissolve in 
water, total cells were resuspended and sonicated in 8 M urea buffer (0.1M Na- 

10 phosphate, 10 mM Tris buffer, pH8.0). The total cell lysate was centrifuged, and 

sup ernat ants were collected. Ni-agarose was added into the supernatants and mixed 
gently at room temperature for 30 min. The Ni-agarose resin was washed with buffer 
(8 M urea, 0.1 M Na-phosphate, 10 mM Tris buffer, pH6.3). The proteins were eluted 
with elution buffer (8 M urea, 0.1 M EDTA, 0.1 M Na-phosphate, 10 mM Tris buffer, 

15 pH 6.3) and dialyzed against buffer (pH 8.5, 10 mM Tris) with stepwise decreased 

urea. If the proteins still were insoluble in buffer, the solution pH was adjusted to 9 to 
1 1 and sonicated at room temperature for 1 to 5 min. 

Chemically synthesized polypeptides were dissolved in 10 mM Tris, 
pH 6.5 to 1 1 buffers depending on their solubility. 

20 A hypersensitive response ("HR") assay was performed by infiltration 

of 0.1 to 0.3 ml of serial diluted protein solutions into tobacco leaves (cv. Xanth). All 
HR data shown in these examples were recorded from 48 hours after infiltration. 

Example 4 - Quantification of Proteins 

25 

All expressed proteins were checked with pre-cast 4-20% SDS 
polyacrylamide gel electrophoresis (SDS-PAGE) from Novex (San Diego, CA). 
After electrophoresis, the gel was stained with Coomasssie R-250 solution (0.1% 
Coomassie R-250, 10% Acetate Acid, 40% ethanol) for 1 to 4 hours and distained 
30 with distaining solution (8% acetate acid and 25% ethanol) overnight. The density of 
corresponding bands were compared to standard proteins, which were either 
purchased from Novex or were from quantitative standard harpin protein produced by 
Eden Bioscience (Bothell, Washington). 
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Example 5 - Classification of Harpin Proteins 

Since harpin proteins share common biochemical and biophysical 
5 characteristics as well as biological functions, based on their unique properties, HR 
elicitors from various pathogenic bacteria should be viewed as belonging to a new 
protein family — i.e. the harpin protein family. The harpin protein can be classified 
into at least four subfamilies based on their primary structure and isolated sources. As 
set forth in Table 1, those subfamilies are identified by the designation N, W, Z, A, 
10 etc. 



Table 1 - Subfamilies of Harpin Proteins 



Harpin 
proteins 


Isolated Source 


Classified 
Subfamily 


Pi 


Amino 
acids 


Heat 
stable 


Core 
structure 


HrpN Ea 


E. amylovora 


N 


4.42 


403 


Yes 


No 


HrpN Ech 


E. chrysanthemi 


N 


6.51 


340 


Yes 


No 


HrpN Ecc 


E. carotovora 


N 


5.82 . 


356 


Yes 


No 


HrpN Est 


E. stewartii 


N 


N/A 


N/A 


Yes 


No 
















HrpWp S s 


P. syringae 


W 


4.43 


424 


Yes 


No 


HrpW Ea 


E. amylovora 


W 


4.46 


447 


Yes 


No 
















HrpZp ss 


P. syringae 


z 


3.95 


341 


Yes 


No 
















PopAl 


R.solanacearum 


A 


4.16 


344 


Yes 


No 



15 

Example 6 - Analysis of the Structural Units of an HR Domain 

The sequence of amino acids that alone could elicit a hypersensitive 
response in plants (i.e. HR domains) has been investigated in different ways. It was 

20 reported that a carboxyl-terminal 148 amino acid portion of HrpZ Pss is sufficient and 
necessary for HR (He et al., "Pseudomonas Syringae pv. Syringae Harpin pss : A 
Protein that is Secreted via the Hrp Pathway and Elicits the Hypersensitive Response 
in Plants/' Cell 73:1255-1266.(1993), which is hereby incorporated by reference). 
With truncated HrpZ fragments, it was determined that an N-terminal 109 amino 

25 acids and C-terminal 216 amino acids of HrpZp ss , respectively, were found to elicit 
HR (Alfano et al., "Analysis of the Role of the Pseudomonas Syringae pv. Syringae 
HrpZ Harpin in Elicitation of the Hypersensitive Response in Tobacco Using 
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Functionally Non-polar hrpZ Deletion Mutations, Truncated HrpZ Fragments, and 
hrtnA Mutations," Molecular Microbiology 19:715-728 (1996), which is hereby 
incorporated by reference). Jin et al., "A Truncated Fragment of Harpin pss Induces 
Systemic Resistance to Xanthomonas campestris pv. Oryzae in Rice," Physiological 
5 and Molecular Plant Pathology 5 1 :243-257 (1997), which is hereby incorporated by 
reference, reported that a truncated HrpZp ss with an N-terminal of 137 amino acids 
elicited a hypersensitive response in tobacco and induced systemic acquired resistance 
( i.e. SAR) in rice. After digestion with protease, a hypersensitive response active 
fragment of HrpNEa was isolated and found to span amino acids 137 to 204 of 

10 HrpN Ea . It was found that a 98 residue of N-terminal HrpN Ea fragment was the 
smallest bacterially produced peptide that displayed HR-eliciting activity (Laby, 
"Molecular Studies on Interactions Between Erwinia Amylovora and its Host and 
Non-host Plants," Doctoral Thesis in Cornell University (1997), which is hereby 
incorporated by reference). 

15 A series of HrpNEa fragments have been generated with His-tag fusion 

at the N-terminal of the polypeptides and a polypeptide (HrpNE a 137180), located at 
position of 137 to 180 amino acid residue of HrpNEa, was identified to elicit HR 
activity in tobacco. 

20 Example 7 - Analysis of Secondary Structure of HR Domains 

The DNA and primary protein sequence of the HrpNE a 137180 show no 
any homologues among other hypersensitive response elicitors. 

Analyses of the secondary structure of the fragment of HrpNE a 137180 

25 revealed, with the aid of the computer program Clone Manger5 (Scientific & 

Educational Software, Durham, NC), that there was a beta-form, a beta-turn, and 
unordered forms. One typical a-helical segment of residues at 157-170 was found in 
the HrpNE a 137180 polypeptide. To determine the function of this structure, 
polypeptides with a disrupted a-helical structure were generated and hypersensitive 

30 response results were evaluated. As shown in Table 2, a complete alpha-helix unit (H 
unit), probably with a length greater than 12 amino acid residues, is need for 
hypersensitive response activity. 
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Table 2 - Effect of Alpha-helix Structure 



Fragment name 


Amino acid 


HR* 


Structure 


Source 


HrpN Ea 137180 


137-180(44) 
pl=3.10 


+ 

<5 (ig/ml 


Complete H 


E.coli expressed 
peptide 


HrpN Ea 137166 


137-166 (30) 
pi = 3.29 




disrupted H 


Synthesized peptide 


HrpN Ea 761 68 


76-168 
pi = 3.39 




disrupted H 


E.coli expressed 
peptide 



5 The a-helical unit plays an important role in hypersensitive response 

activity; however, it was found that an a-helix unit alone did not achieve HR 
(Table 3). 

Therefore, hypersensitive response eliciting domains contain more than 
one structure unit. Besides the core a-helical unit, there is an acidic unit that has no 
10 typical secondary structure feature but is rich in acidic amino acids. This relaxed 
structure, having a sheet and random turn, is designated as an acidic unit (A unit). 

Although the acidic unit is important in achieving a hypersensitive 
response, it alone, like the a-helical unit alone, did not elicit a hypersensitive 
response. 

15 A synthetic polypeptide, HrpN E al40176 ? that included both A and H 

structure, spanning amino acids 140 to 176 of HrpN Ea , gave full activity of HR. 
Sequence analysis by major search engines revealed no global primary sequence 
similarity in the databases to HrpNE a 140176, even among the harpin protein families. 

20 Table 3 - Effect of Acidic Unit on Hypersensitive Response (HR) Activity 



Fragment name 


Amino acid 


HR* 


Structure 
(A or H)** 


Source 


HrpN Ea 140176 


140-176 (37) 
pl=3.17 


+ 

<5 ug/ml 


A + H 


Synthesized 
peptide 


HrpN Ea 157170 


157-170(14) 
pi = 6.94 




H 


Synthesized * 
peptide 


HrpN Ea 137156 


137-156 (20) 
pi = 2.67 




A 


Synthesized 
peptide 
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Example 8 - Hypersensitive Response Domain Structure of HrpN Ea 

Four a-helical regions with at least 12 amino acid residues were found 
in HrpNEa based on computer analysis with the program Clone Manager 5 (Scientific 
5 & Educational Software, Durham, NC), which predicts the secondary structure of 
protein from the primary sequence by the method of Garnier-Osguthorpe-Robson. 

It is believed that a hypersensitive response domain includes two 
structural units, the a-helix (H) and the acidic unit (A). Another hypersensitive 
response domain, spanning amino acids 43 to 70 in HrpNEa, was found. A minimal 
10 sequence of 12 to 14 AA residues of both the H and A units is believed to be needed. 
The chemically synthesized polypeptide of HrpN Ea 4370 gave full HR activity in 
tobacco. Thus, a second HR domain has been discovered based on purely secondary 
structure analysis and prediction. 

To further test the hypothesis that the A and H units are needed to 
15 achieve a hypersensitive response, an approach of unit exchange (i.e. swapping an 

acidic unit from one HR domain to another HR domain) was designed. A polypeptide 
of HrpNEaDswap, which consisted of the acidic unit of a hypersensitive response 
domain (HrpNE a 140176), spanning amino acids 136 to 156 of HrpNEa, and the 
a-helical unit of another hypersensitive response domain (HrpN Ea 4370), spanning 
20 amino acids 57 to 70 of HrpNEa* was chemically synthesized. This polypeptide 
swapped two structural units of A and H between two hypersensitive response 
domains of HrpN Ea 4370 and HrpN Ea 140176. The HrpN Ea Dswap gave a 
hypersensitive response activity in tobacco (Table 4). This result shows that the 
structural characteristic of an HR domain determines its activity, and structural 
25 analysis can be used to determine hypersensitive response activity. 



Table 4 - Two Structural Units Determine Hypersensitive Response Activity 



Fragment name 


Amino acid 


HR 


Structure Type 


Source 


HrpN Ea 4370 


43-70 (28) 
pl=3.09 


+ 

<5 (Ltg/ml 


A + H 


Synthesized 
peptide 
Partial soluble 


HrpN Ea Dswap 


HrpN-136156 (A)+ 
HrpN5770 (H) 
pl=2.67 


<20 ug/ml 


A unit from 

HrpN Ea 140176 + 

H unit from HrpN Ea 4370 


Synthesized 
peptide 
Partial soluble 
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Example 9 - Prediction of Hypersensitive Response Domains Among Proteins 
in Harpin Family 

5 

The secondary structure which indicates the presence of a 
hypersensitive response domain in HrpNEa was used to identify other harpin proteins, 
including proteins classified as different subfamilies. Structural prediction of a 
hypersensitive response domain among harpin proteins was carried according to 
1 0 following criteria: 

1 . There are two structural units in a hypersensitive response 
domain, including: 

a. A stable a-helix unit with 12 or more amino acids in 
length and 

15 b. An hydrophilic, acidic unit with 12 or more amino acids 

in length which could be a beta-form, a beta-turn, and 
unordered forms. 

2. The pi of a hypersensitive response domain should be acidic 
and, in general, below 5. 

20 3 . The minimal size of an HR domain is from about 28 to 40 AA 

residues. 

Putative HR domains have been identified to fit the criteria by 
computer analysis among harpin protein family (Table 5). 
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Table 5 - Predication of Hypersensitive Response Domains Among Harpin 

Proteins 



HR domain 


Isolated Source 


Predicted region* 


Pi 


Structure 


HrpN Ea -l 


E. amylovora 


43-70 


3.09 


A + H 


HrpN Ea -2 


E. amylovora 


140-176 


3.17 


A + H 


HrpN Ech -l 


E. chrysanthemi 


78-118 


5.25 


A + H 


HrpN Ec h-2 


E. chiysanthemi 


256-295 


4.62 


A + H 


HrpN Ecc -l 


E, carotovora 


25-63 


4.06 


A + H 


HrpN Ec c-2 


E. carotovora 


101-140 


3.00 


A + H 












HrpW Pss -l 


P. syringae 


52-96 


4.32 


A + H 


HrpW Ea -l 


E. amylovora 


10-59 


4.53 


A + H 












HrpZp ss -l 


P. syringae 


97-132 


3.68 


A + H 


HrpZp ss -2 


P. syringae 


153-189 


3.67 


A + H 


HrpZ Pss -3 


P. syringae 


271-308 


3.95 


A + H 












PopAl Rs -l 


R.solanacearum 


92-125 


3.75 


A + H 


PopAl Rs -2 


R.solanacearum 


206-260 


3.62 


A + H 



5 *Arnino acid residue position 



Example 10 - Hypersensitive Response Activity of Select Synthesized 
Polypeptides 

10 

Polypeptides were produced by expression in either E. coli or by 
chemical synthesis. Based on prediction of solubility and stability of a particular 
peptide, in some cases, a broader region of AA residues in addition to the essential 
units were also synthesized to increase solubility of the peptides. The identification of 
15 HR domains among four subfamilies of harpin protein demonstrated this (Table 6). 
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Table 6 - Hypersensitive Response Activity of Select Synthesized Polypeptides 



jLi-jx. Quinain 


Isolated Source 


Q 't m c i r 7 A 
OyJULIlOolZiCU. 

region 


Pi 


Source 


HR activity 


HrpN Ea -l 


E. amylovora 


43-70 


3.09 


Chemical 
Synthesized 


+ < 5 jig/ml 


HrpN Ea -2 


E. amylovora 


140-176 


3.17 


Chemical 
Synthesize d 


+ < 5 |Ug/ml 














HrpW Ea -2 


E. amylovora 


10-59 


4.53 


E.coli expressed 


+ < 5 (ig/ml 














HrpZ Pss -l 


P. syringae 


97-132 


3.68 


Chemical 
Synthesized 


+ < 20 |ug/ml 


HrpZp ss -l 


P. syringae 


153-189 


3.69 


E.coli expressed 


+ < 5 jig/ml 














PopAlRs-l 


R. solanacearum 


92-125 


3.75 


Chemical 
Synthesized 


+ < 5 |Lig/ml 


PopAlRs-2 


R. solanacearum 


206-260 


3.62 


E.coli expressed 


+ < 5 jag/ml 



5 Example 11 - Construction of Hypersensitive Response Domains in a Protein 
Expression Cassette 

Polypeptides with a harpin protein hypersensitive response domain 
were expressed in E, coli. PCR was used to amplify desired areas of genes encoding 

10 harpin proteins and cloned into an expression vector, e.g. pET28a. A pair of PCR 
primers with unique flanking sequences were designed to create a universal 
expression cassette, as shown in Figure 1, for expression of a fragment of harpin 
protein. Each amplified DNA fragment has a protein translation start codon of ATG 
in a restriction enzyme Nde I site which might add an extra amino acid of methionine 

1 5 into a polypeptide. Each amplified DNA fragment has a protein translation stop 

codon of TAA. Each amplified fragment contained two restriction enzyme sites of 
EcoR V and Sma I, which gave 4 extra in-frame amino acids expressed as Pro-Gly at 
the N-terminal and Asp-Ile at the C-temiinal, respectively. Those two sites are 
essential to allow two or more expression cassettes to be linked in a specific order and 

20 in frame with a minimum number of amino acids being introduced. Cassette A was 
first digested by EcoR V, lighted to cassette B> and digested with Sma I to produce a 
new expression cassette C which coupled the two fragments together with two extra 
amino acids (i.e. Asp-Gly), which are common amino acids in hypersensitive 
response domains. The newly formed cassette C still contained the same 5' and 3 ? 

25 flanking sequences as original cassettes A and B and maintained the ability to be 
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coupled by another cassette. Bgl II and Bam HI sites in the cassette permit the 
cassette to be linked in frame into a cancatomer with a correct orientation. The 
strategy is that digestion of DNA with Bgl II and Bam HI results in compatible ends 
that would be ligated with each other but could not be cut by either enzymes after 
5 ligation. For example, a DNA fragment encoding a hypersensitive response domain 
in a cassette could be digested by restrictions enzymes of Bgl II and Bam HI 
separately, digested DNA fragments could be ligated in a ligation solution also 
including both Bgl II and Bam HI enzymes, any ligated ends with Bgl II or Bam HI 
sites could be digested by the enzymes, and only those ligated sites between Bgl II 
1 0 and Bam HI could remain. 

Example 12 - Building Blocks for Creating Superharpins that have Higher 
Biological Efficacy 

15 Hypersensitive response domains were identified and isolated from 

several harpin proteins. With the combination of those HR domains, new 
polypeptides (i.e. superharpins) that have higher HR potency and have enhanced 
ability to induce disease resistance, impart insect resistance, enhance growth, and 
achieve environmental stress tolerance. Superharpins could be one HR domain repeat 

20 units (cancatomer), different combinations of HR domains, and/or biologically active 
domains from other elicitors. Part of the domains from different harpin proteins and 
other elicitors were constructed into the universal expression cassette as shown on 
Example 1 1 and designated as superharpin building blocks. Table 7 lists some 
superharpin building blocks which were expressed in pET-28a(+) vector with a 

25 His-tag sequence at their N-terminal. 
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Table 7 - Superharpin Building Blocks including pET-28a(+) his-tag Leader 

Sequence 



Domain 
Sequence 


Source 


MW (kDa) 


#a.a. 


Pi 


Soluble 


(Structurally) 
Heat stable 


A 


PopA70-146 


10.69 


104 


6.48 


Yes 


Yes 


(N„) 


HrpNEa40~80 


6.754 


68 


6.78 


N/A 


N/A 


(N*) 2 


Dimer of HrpNEa40-80 


10.84 


111 


6.13 


N/A 


N/A 


(Njv) 3 


Triplemer of HrpNEa40~80 


14.93 


154 


5.63 


N/A 


N/A 


(Nat) 4 


Tetramer of HrpNEa40-80 


19.01 


197 


4.95 


N/A 


N/A 


(N c ) 


HrpNEal40-180 


7.224 


68 


5.01 


Yes 


Yes 


(Nc) 2 


Dimer of HrpNEal40-180 


11.78 


111 


3.98 


Yes 


Yes 


(N c ) 3 


Triplemer of HrpNEal40- 
180 


16.34 


154 


3.72 


Yes 


Yes 


(N c ) 4 


Tetramer of HrpNEal40- 
180 


20.89 


197 


3.58 


Yes 


Yes 


(N c )io 


Cancatomer (10 repeating 
units of HrpNEal40-180 


48.23 


455 


3.28 


N/A 


N/A 


(N C )l6 


Cancatomer (16 repeating 
units of HrpNEal40-180 


75.57 


713 


3.18 


N/A 


N/A 


W 


HrpWEal0-59 


7.986 


77 


6.48 


N/A 


N/A 




HrpZ90-150 


8.087 


78 


538 


Yes 


Yes 


^266-308 


HrpZ266-308 


7.029 


70 


6.40 


Yes 


Yes 


Ms-tag leader 
seq. 




2.045 


19 


11.04 







5 

Example 13 - Superharpins with Stacked HR Domains and their Biological 
Activities 



There are numerous polypeptides could be generated with different 
10 combinations of HR domains or by stacking HR domains and repeating units in order. 
Selective combination or stacking of HR domains isolated from harpin proteins or 
other elicitors can be designed to achieve a targeted disease resistance spectrum. See 
Table 8 for superharpins prepared by stacking of HR building blocks listed on 
Table 7. All three listed superharpins (i.e. SH-l, SH-2, SH-3) were constructed into a 
15 pET28(a) vector and expressed in E. coli. Recombinant proteins were partially 
purified and quantified by SDS-PAGE with purified Harpin N protein as a 
quantitative standard. 
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Table 8 - Properties of Superharpins 



Protein 


Domain Sequence 


MW (lcDa) 


#a.a. 


Pi 


Soluble 


Heat Stable 


SH-1 


*W(N N ) 4 A(Nc)4Z 266 . 308 


54.955 


545 


3.69 


Yes 


Yes 


SH-2 


*W(N JV ) 4 Z N (Nc)4Z 26 ^o S 


52341 


519 


3.54 


Yes 


Yes 


SH-3 


*W(N^) 4 Z^N c ) 4 Z^. 50g A 


60.375 


598 


3.67 


Yes 


Yes 


HrpNEa 


HrpN from E.amylovora 


39.697 


403 


4.42 


Yes 


Yes 



5 Bioassays for hypersensitive response on tobacco leaves (HR), 

percentage of TMV reduction on tobacco leaves, and plant growth enhancement with 
tomato showed that superharpins had higher (up to 2 to 10 fold greater) HR potency 
compared with HrpN from E. amylovora. This also demonstrated that superharpins 
have better performance on % TMV reduction and plant growth enhancement assay. 
10 See Table 9. 



Table 9 - Biological Activities of Superharpins 



Protein 


Domain Sequence 


Elicit HR 


% TMV reduction on tobacco 


% Plant Growth Enhancement 






(~ug/rnl) 


10 ug/ml 


1 (J.g/ml 


lOjug/ml 


1 p-g/ml 


SH-1 


W(N A ) 4 A(Nc)4Zj tf w£w 


0.66 


83 


79 


7.49 


9.83 


SH-2 




0.13 


84 


60 


11.05 


7.30 


SH-3 


W(N N ) 4 Z N (N c ) 4 Z 266 _ 3 o S A 


0.15 


77 


55 


11.07 


10.00 


HrpNEa 


HrpN from E.amylovora 


1-3 


55 


10 


11.68 


N/A 



15 

Although the invention has been described in detail for the purpose of 
illustration, it is understood that such detail is solely for that purpose, and variations 
can be made therein by those skilled in the art without departing from the spirit and 
scope of the invention which is defined by the following claims. 
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WHAT IS CLAIMED: 

1 . An isolated hypersensitive response elicitor protein comprising 
an isolated pair or more of spaced apart domains, each comprising an acidic portion 

5 linked to an alpha-helix and capable of eliciting a hypersensitive response in plants. 

2. A protein according to claim 1, wherein the protein is 

recombinant. 

10 3 . An isolated nucleic acid molecule encoding a protein according 

to claim 1 . 

4. A nucleic acid molecule according to claim 3, wherein each 
domain is from a different source organism. 

15 

5. A nucleic acid molecule according to claim 3, wherein there are 
3 or more spaced apart domains. 

6. An expression vector containing a nucleic acid molecule 
20 according to claim 3 which is heterologous to the expression vector. 

7. An expression vector according to claim 6, wherein the nucleic 
acid molecule is positioned in the expression vector in sense orientation and correct 
reading frame. 

25 

8. A host cell transformed with the nucleic acid molecule 
according to claim 3. 



30 



9. A host cell transformed according to claim 8 ? wherein the host 
cell is selected from the group consisting of a plant cell, a eukaryotic cell, and a 
procaryotic cell. 
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10. A host cell according to claim 8, wherein the nucleic acid 
molecule is transformed with an expression system. 

11. A transgenic plant transformed with the nucleic acid molecule 

5 of claim 3. 

12. A transgenic plant according to claim 11, wherein the plant is 
selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 

10 cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

15 1 3 . A transgenic plant according to claim 1 1 , wherein the plant is 

selected from the group consisting of Arabidopsis thaliana, Saintpaulia, petunia, 
pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

14. A transgenic plant according to claim 1 1, wherein the plant is a 

20 monocot 

15. A transgenic plant according to claim 11, wherein the plant is a 

dicot. 

25 16. A transgenic plant according to claim 11, wherein each domain 

is from a different source organism. 

17. A transgenic plant according to claim 11, wherein there are 3 or 
more spaced apart domains. 

30 

18. A transgenic plant seed transformed with the nucleic acid 
molecule of claim 3. 
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19. A transgenic plant seed according to claim 18, wherein the 
plant is selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 
5 cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

10 20. A transgenic plant seed according to claim 18, wherein the 

plant is selected from the group consisting of Arabidopsis ihaliana, Saintpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

21. A transgenic plant seed according to claim 18, wherein the 
1 5 plant is a monocot. 

22. A transgenic plant seed according to claim 18, wherein the 
plant is a dicot. 

20 23. A method of imparting disease resistance to plants comprising: 

applying a protein according to claim 1 to a plant or a plant seed under 
conditions effective to impart disease resistance to the plant or to a plant grown from 
the plant seed. 

25 24. A method according to claim 23, wherein the protein is applied 

to a plant. 

25. A method according to claim 23, wherein the protein is applied 
to a plant seed and further comprising: 
30 planting the plant seed under conditions effective to impart disease 

resistance to a plant grown from the plant seeds. 
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26. A method of enhancing plant growth comprising: 

applying a protein according to claim 1 to a plant or a plant seed under 
conditions effective to enhance growth of the plants or of a plant grown from the plant 
seed. 

5 

27. A method according to claim 26, wherein the protein is applied 

to a plant. 

28. A method according to claim 26, wherein the protein is applied 
10 to a plant seed and further comprising: 

planting the plant seeds under conditions effective to enhance growth 
of a plant grown from the plant seed. 

29. A method of controlling insects comprising: 

15 applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to control insects. 

30. A method according to claim 29, wherein the protein is applied 

to a plant. 



20 



25 



30 



31. A method according to claim 29, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to grow a plant from 
the plant seed and to control insects. 

32. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to impart stress resistance to the plant or to a plant grown from 
the plant seed. 

33. A method according to claim 32, wherein the protein is applied 

to a plant. 
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34. A method according to claim 32, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart stress 
5 resistance to a plant grown from the plant seed. 

35. A method of imparting disease resistance to plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 
10 planting the transgenic plant or transgenic plant seed under conditions 

effective to impart disease resistance to the plant or to a plant grown from the plant 
seed. 

36. A method according to claim 35, wherein a transgenic plant is 

1 5 provided. 

37. A method according to claim 35, wherein a transgenic plant 
seed is provided. 

38. A method of enhancing growth of plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to enhance growth of the plant or of a plant grown from the plant seed. 

39. A method according to claim 38, wherein a transgenic plant is 

provided. 

40. A method according to claim 38, wherein a transgenic plant 
30 seed is provided. 

41 . A method of controlling insects comprising: 



20 



25 
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providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 3 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant or on a plant grown from the plant seed. 

5 

42. A method according to claim 41, wherein a transgenic plant is 

provided. 



43. A method according to claim 41, wherein a transgenic plant 
10 seed is provided. 



44. A method of imparting stress resistance to plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 
15 planting the transgenic plant or transgenic plant seed under conditions 

effective to impart stress resistance to the plant or to a plant grown from the plant 
seed. 

45. A method according to claim 44, wherein a transgenic plant is 

20 provided. 

46. A method according to claim 44, wherein a transgenic plant 
seed is provided. 



25 47. An isolated hypersensitive response elicitor protein comprising, 

in isolation, a domain comprising an acid portion linked to an alpha-helix and capable 
of eliciting a hypersensitive response in plants. 



30 



48. 

recombinant. 



A protein according to claim 47, wherein the protein is 
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49. An isolated nucleic acid molecule encoding a protein according 

to claim 47. 



50. An isolated nucleic acid molecule according to claim 49, 
5 wherein there are at least 2 domains, each from a different source organism. 

5 1 . An isolated nucleic acid molecule according to claim 49, 
wherein there are 3 or more coupled domains, 

10 52. An expression vector containing a nucleic acid molecule 

according to claim 49 which is heterologous to the expression vector. 



53. An expression vector according to claim 52, wherein the 
nucleic acid molecule is positioned in the expression vector in sense orientation and 

1 5 correct reading frame. 

54. A host cell transformed with the nucleic acid molecule 
according to claim 49. 

20 55. A host cell transformed according to claim 54, wherein the host 

cell is selected from the group consisting of a plant cell, a eukaryotic cell, and a 
prokaryotic cell. 



56. A host cell according to claim 54, wherein the nucleic acid 
25 molecule is transformed with an expression system. 

57. A transgenic plant transformed with the nucleic acid molecule 

of claim 49. 

30 58. A transgenic plant according to claim 57, wherein the plant is 

selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 
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cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

5 

59. A transgenic plant according to claim 57, wherein the plant is 
selected from the group consisting of Arabidopsis thaliana, Saintpaulia, petunia, 
pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

10 60. A transgenic plant according to claim 57, wherein the plant is a 

monocot. 

61. A transgenic plant according to claim 57, wherein the plant is a 

dicot. 

15 

62. A transgenic plant according to claim 57, wherein there are at 
least 2 coupled domains, each from a different source organism. 

63. A transgenic plant according to claim 57, wherein there are 3 or 
20 more coupled domains. 

64. A transgenic plant seed transformed with the nucleic acid 
molecule of claim 49. 

25 65. A transgenic plant seed according to claim 64, wherein the 

plant is selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, corn, potato, sweet potato, bean pea, chicory, lettuce, endive, 
cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 

30 apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 
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66. A transgenic plant seed according to claim 64, wherein the 
plant is selected from the group consisting of Arabidopsis thaliana, Saintpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

5 67. A transgenic plant seed according to claim 64, wherein the 

plant is a monocot. 

68. A transgenic plant seed according to claim 64, wherein the - 

plant is a dicot. 

10 

69. A method of imparting disease resistance to plants comprising: 
applying a protein according to claim 47 to a plant or a plant seed 

under conditions effective to impart disease resistance to the plant or to a plant grown 
from the plant seed. 

15 

70. A method according to claim 69, wherein the protein is applied 

to a plant. 

71 . A method according to claim 69, wherein the protein is applied 
20 to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart disease 
resistance to a plant grown from the plant seed. 

72. A method of enhancing plant growth comprising: 

25 applying a protein according to claim 47 to a plant or a plant seed 

under conditions effective to enhance growth of the plant or of a plant grown from the 
plant seed. 

73. A method according to claim 72, wherein the protein is applied 

30 to a plant 
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74. A method according to claim 72, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to enhance growth of 
a plant grown from the plant seed. 

5 

75. A method of controlling insects comprising: 

applying a protein according to claim 47 to a plant or a plant seed 
under conditions effective to control insects. 

10 76. A method according to claim 75, wherein the protein is applied 

to a plant. 

77. A method according to claim 75, wherein the protein is applied 
to a plant seed and further comprising: 

1 5 planting the plant seed under conditions effective to grow a plant from 

the plant seed and to control insects. 

78. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 47 to a plant or a plant seed 

20 under conditions effective to impart stress resistance to the plant or to a plant grown 
from the plant seed. 

79. A method according to claim 78, wherein the protein is applied 

to a plant. 

25 

80. A method according to claim 78, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart stress 
resistance to a plant grown from the plant seed. 

30 

81. A method of imparting disease resistance to plants comprising: 
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providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart disease resistance to the plant or to a plant grown from the plant 
5 seed. 

82. A method according to claim 81, wherein a transgenic plant is 

provided. 

10 83. A method according to claim 81, wherein a transgenic plant 

seed is provided. 

84. A method of enhancing growth of plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

1 5 nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to enhance growth of the plant or of a plant grown from the plant seed. 

85. A method according to claim 84, wherein a transgenic plant is 

20 provided. 

86. A method according to claim 84, wherein a transgenic plant 
seed is provided. 

25 87. A method of controlling insects comprising: 

providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant or on a plant grown from the plant seed. 

30 

88. A method according to claim 87, wherein a transgenic plant is 

provided. 
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89. A method according to claim 87, wherein a transgenic plant 
seed is provided. 

5 90. A method of imparting stress resistance to plants comprising: 

providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart stress resistance to the plant or to a plant grown from the plant 
10 seed. 

91 . A method according to claim 90, wherein a transgenic plant is 

provided. 

15 92. A method according to claim 90, wherein a transgenic plant 

seed is provided. 
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SEQUENCE LISTING 
<110> Eden Bioscience Corporation 

<120> HYPERSENSITIVE RESPONSE ELICITING DOMAINS AND USE 
THEREOF 

<130> 21829/82 

<140> 
<141> 

<150> 60/212,211 
<151> 2000-06-16 

<160> 18 

<170> Patentln Ver. 2.1 

<210> 1 
<211> 338 
<212> PRT 

<213> Erwinia chrysanthemi 
<400> 1 

Met Gin lie Thr lie Lys Ala His lie Gly Gly Asp Leu Gly Val Ser 
15 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr lie Asp Lys Leu Thr 
35 40 45 

Ser Ala Leu Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 60 

Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 
85 90 95 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
100 105 110 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
115 120 125 



1 
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Leu Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 135 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser He Leu Gly 
145 150 155 160 

Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 
165 170 175 

Ala Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 185 190 

Gly Asn Ala He Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 
210 215 220 

Asp Lys Glu Asp Arg Gly Met Ala Lys Glu He Gly Gin Phe Met Asp 
225 230 235 240 

Gin Tyr Pro Glu He Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
245 250 255 

Ser Ser Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 280 285 

Ala Met Gly Met He Lys Ser Ala Val Ala Gly Asp Thr Gly Asn Thr 
290 295 300 

Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly He Asp Ala 
305 310 315 320 

Ala Val Val Gly Asp Lys He Ala Asn Met Ser Leu Gly Lys Leu Ala 
325 330 335 



Asn Ala 



<210> 2 
<211> 2141 
<212> DNA 

<213> Erwinia chrysanthemi 



2 
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<400> 2 

cgattttacc cgggtgaacg tgctatgacc gacagcatca cggtattcga caccgttacg 60 

gcgtttatgg ccgcgatgaa ccggcatcag gcggcgcgct ggtcgccgca atccggcgtc 120 

gatctggtat ttcagtttgg ggacaccggg cgtgaactca tgatgcagat tcagccgggg 180 

cagcaatatc ccggcatgtt gcgcacgctg ctcgctcgtc gttatcagca ggcggcagag 24 0 

tgcgatggct gccatctgtg cctgaacggc agcgatgtat tgatcctctg gtggccgctg 300 

ccgtcggatc ccggcagtta tccgcaggtg atcgaacgtt tgtttgaact ggcgggaatg 3 60 

acgttgccgt cgctatccat agcaccgacg gcgcgtccgc agacagggaa cggacgcgcc 420 

cgatcattaa gataaaggcg gcttttttta ttgcaaaacg gtaacggtga ggaaccgttt 480 

caccgtcggc gtcactcagt aacaagtatc catcatgatg cctacatcgg gatcggcgtg 54 0 

ggcatccgtt gcagatactt ttgcgaacac ctgacatgaa tgaggaaacg aaattatgca 600 

aattacgatc aaagcgcaca tcggcggtga tttgggcgtc tccggtctgg ggctgggtgc 660 

tcagggactg aaaggactga attccgcggc ttcatcgctg ggttccagcg tggataaact 720 

gagcagcacc atcgataagt tgacctccgc gctgacttcg atgatgtttg gcggcgcgct 78 Or 

ggcgcagggg ctgggcgcca gctcgaaggg gctggggatg agcaatcaac tgggccagtc 840 

tttcggcaat ggcgcgcagg gtgcgagcaa cctgctatcc gtaccgaaat ccggcggcga 900 

tgcgttgtca aaaatgtttg ataaagcgct ggacgatctg ctgggtcatg acaccgtgac 9 60 

caagctgact aaccagagca accaactggc taattcaatg ctgaacgcca gccagatgac 1020 

ccagggtaat atgaatgcgt tcggcagcgg tgtgaacaac gcactgtcgt ccattctcgg 108 0 

caacggtctc ggccagtcga tgagtggctt ctctcagcct tctctggggg caggcggctt 114 0 

gcagggcctg agcggcgcgg gtgcattcaa ccagttgggt aatgccatcg gcatgggcgt 1200 

ggggcagaat gctgcgctga gtgcgttgag taacgtcagc acccacgtag acggtaacaa 12 60 

ccgccacttt gtagataaag aagatcgcgg catggcgaaa gagatcggcc agtttatgga 1320 

tcagtatccg gaaatattcg gtaaaccgga ataccagaaa gatggctgga gttcgccgaa 1380 

gacggacgac aaatcctggg ctaaagcgct gagtaaaccg gatgatgacg gtatgaccgg 14 4 0 

cgccagcatg gacaaattcc gtcaggcgat gggtatgatc aaaagcgcgg tggcgggtga 1500 

taccggcaat accaacctga acctgcgtgg cgcgggcggt gcatcgctgg gtatcgatgc 15 60 

ggctgtcgtc ggcgataaaa tagccaacat gtcgctgggt aagctggcca acgcctgata 1620 

atctgtgctg gcctgataaa gcggaaacga aaaaagagac ggggaagcct gtctcttttc 1680 

ttattatgcg gtttatgcgg ttacctggac cggttaatca tcgtcatcga tctggtacaa 1740 

acgcacattt tcccgttcat tcgcgtcgtt acgcgccaca atcgcgatgg catcttcctc 1800 

gtcgctcaga ttgcgcggct gatggggaac gccgggtgga atatagagaa actcgccggc 18 60 

cagatggaga cacgtctgcg ataaatctgt gccgtaacgt gtttctatcc gcccctttag 1920 

cagatagatt gcggtttcgt aatcaacatg gtaatgcggt tccgcctgtg cgccggccgg 1980 

gatcaccaca atattcatag aaagctgtct tgcacctacc gtatcgcggg agataccgac 2040 

aaaatagggc agtttttgcg tggtatccgt ggggtgttcc ggcctgacaa tcttgagttg 2100 

gttcgtcatc atctttctcc atctgggcga cctgatcggt t 2141 



<210> 3 
<211> 403 
<212> PRT 

<213> Erwinia amylovora 
<400> 3 

Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin lie Ser 
15 10 15 



3 
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lie Gly Gly Ala Gly Gly Asn Asn Gly Leu Leu Gly Thr Ser Arg Gin 
20 25 30 

Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 
35 40 45 

Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 
50 55 60 

Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 
65 70 75 80 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 
85 90 95 

Gly Leu Ser Asn Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 
100 105 110 

Leu Gly Ser Lys Gly Gly Asn Asn Thr Thr Ser, Thr Thr Asn Ser Pro 
115 120 125 

Leu Asp Gin Ala Leu Gly lie Asn Ser Thr Ser Gin Asn Asp Asp Ser 
130 135 140 

Thr Ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin Gin 
145 150 . 155 160 

Leu Leu Lys Met Phe Ser Glu lie Met Gin Ser Leu Phe Gly Asp Gly 
165 170 175 

Gin Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly Lys Gin Pro Thr Glu 
180 185 190 

Gly Glu Gin Asn Ala Tyr Lys Lys Gly Val Thr Asp Ala Leu Ser Gly 
195 200 205 

Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
225 230 235 240 

Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 
245 250 255 

Leu Gly Asn Ala Val Gly Thr Gly lie Gly Met Lys Ala Gly lie Gin 
260 265 270 
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Ala Leu Asn Asp 
275 

Val Asn Lys Gly 
290 

Asp Gin Tyr Pro 
305 

Gly Gin Glu Val 



Lys Pro Asp Asp 
340 

Lys Ala Lys Gly 
355 

Gly Asn Leu Gin 
370 

Ala Met Met Ala 
385 



lie Gly Thr His 
280 

Asp Arg Ala Met 
295 

Glu Val Phe Gly 
310 

Lys Thr Asp Asp 
325 

Asp Gly Met Thr 



Met lie Lys Arg 
360 

Ala Arg Gly Ala 
375 

Gly Asp Ala lie 
390 



Arg His Ser Ser 



Ala Lys Glu lie 
300 

Lys Pro Gin Tyr 
315 

Lys Ser Trp Ala 
330 

Pro Ala Ser Met 
345 

Pro Met Ala Gly 



Gly Gly Ser Ser 
380 

Asn Asn Met Ala 
395 



Thr Arg Ser Phe 
285 

Gly Gin Phe Met 



Gin Lys Gly Pro 
320 

Lys Ala Leu Ser 
335 

Glu Gin Phe Asn 
350 

Asp Thr Gly Asn 
365 

Leu Gly lie Asp 



Leu Gly Lys Leu 
400 



Gly Ala Ala 



<210> 4 
<211> 1288 
<212> DNA 

<213> Erwinia amylovora 



<4 00> 4 

aagcttcggc atggcacgtt tgaccgttgg gtcggcaggg tacgtttgaa ttattcataa 60 

gaggaatacg ttatgagtct gaatacaagt gggctgggag cgtcaacgat gcaaatttct 120 

atcggcggtg cgggcggaaa taacgggttg ctgggtacca gtcgccagaa tgctgggttg 18 0 

ggtggcaatt ctgcactggg gctgggcggc ggtaatcaaa atgataccgt caatcagctg 24 0 

gctggcttac tcaccggcat gatgatgatg atgagcatga tgggcggtgg tgggctgatg 300 

ggcggtggct taggcggtgg cttaggtaat ggcttgggtg gctcaggtgg cctgggcgaa 3 60 

ggactgtcga acgcgctgaa cgatatgtta ggcggttcgc tgaacacgct gggctcgaaa 420 

ggcggcaaca ataccacttc aacaacaaat tccccgctgg accaggcgct gggtattaac 480 

tcaacgtccc aaaacgacga ttccacctcc ggcacagatt ccacctcaga ctccagcgac 54 0 

ccgatgcagc agctgctgaa gatgttcagc gagataatgc aaagcctgtt tggtgatggg 600 

caagatggca cccagggcag ttcctctggg ggcaagcagc cgaccgaagg cgagcagaac 660 

gcctataaaa aaggagtcac tgatgcgctg tcgggcctga tgggtaatgg tctgagccag 720 

ctccttggca acgggggact gggaggtggt cagggcggta atgctggcac gggtcttgac 780 
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ggttcgtcgc tgggcggcaa agggctgcaa aacctgagcg ggccggtgga ctaccagcag 840 
ttaggtaacg ccgtgggtac cggtatcggt atgaaagcgg gcattcaggc gctgaatgat 900 
atcggtacgc acaggcacag ttcaacccgt tctttcgtca ataaaggcga tcgggcgatg 960 
gcgaaggaaa tcggtcagtt catggaccag tatcctgagg tgtttggcaa gccgcagtac 1020 
cagaaaggcc cgggtcagga ggtgaaaacc gatgacaaat catgggcaaa agcactgagc 108 0 
aagccagatg acgacggaat gacaccagcc agtatggagc agttcaacaa agccaagggc 114 0 
atgatcaaaa ggcccatggc gggtgatacc ggcaacggca acctgcaggc acgcggtgcc 1200 
ggtggttctt cgctgggtat tgatgccatg atggccggtg atgccattaa caatatggca 1260 
cttggcaagc tgggcgcggc ttaagctt 1288 



<210> 5 
<211> 1344 
<212> DNA 

<213> Erwinia amylovora 
<400> 5 

atgtcaattc ttacgcttaa caacaatacc tcgtcctcgc cgggtctgtt ccagtccggg 60 
ggggacaacg ggcttggtgg tcataatgca aattctgcgt tggggcaaca acccatcgat 120 
cggcaaacca ttgagcaaat ggctcaatta ttggcggaac tgttaaagtc actgctatcg 180 
ccacaatcag gtaatgcggc aaccggagcc ggtggcaatg accagactac aggagttggt 240 
aacgctggcg gcctgaacgg acgaaaaggc acagcaggaa ccactccgca gtctgacagt 300 
cagaacatgc tgagtgagat gggcaacaac gggctggatc aggccatcac gcccgatggc 360 
cagggcggcg ggcagatcgg cgataatcct ttactgaaag ccatgctgaa gcttattgca 4 20 
cgcatgatgg acggccaaag cgatcagttt ggccaacctg gtacgggcaa caacagtgcc 4 80 
tcttccggta cttcttcatc tggcggttcc ccttttaacg atctatcagg ggggaaggcc 540 
ccttccggca actccccttc cggcaactac tctcccgtca gtaccttctc acccccatcc 600 
acgccaacgt cccctacctc accgcttgat ttcccttctt ctcccaccaa agcagccggg 660 
ggcagcacgc cggtaaccga tcatcctgac cctgttggta gcgcgggcat cggggccgga 720 
aattcggtgg ccttcaccag cgccggcgct aatcagacgg tgctgcatga caccattacc 7 80 
gtgaaagcgg gtcaggtgtt tgatggcaaa ggacaaacct tcaccgccgg ttcagaatta 840 
ggcgatggcg gccagtctga aaaccagaaa ccgctgttta tactggaaga cggtgccagc 900 
ctgaaaaacg tcaccatggg cgacgacggg gcggatggta ttcatcttta cggtgatgcc 960 
aaaatagaca atctgcacgt caccaacgtg ggtgaggacg cgattaccgt taagccaaac 1020 
agcgcgggca aaaaatccca cgttgaaatc actaacagtt ccttcgagca cgcctctgac 1080 
aagatcctgc agctgaatgc cgatactaac ctgagcgttg acaacgtgaa ggccaaagac 1140 
tttggtactt ttgtacgcac taacggcggt caacagggta actgggatct gaatctgagc 1200 
catatcagcg cagaagacgg taagttctcg ttcgttaaaa gcgatagcga ggggctaaac 1260 
gtcaatacca gtgatatctc actgggtgat gttgaaaacc actacaaagt gccgatgtcc 1320 
gccaacctga aggtggctga atga 1344 



<210> 6 
<211> 447 
<212> PRT 

<213> Erwinia amylovora 
<400> 6 
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Met Ser lie Leu 
1 

Phe Gin Ser Gly 
20 

Ala Leu Gly Gin 
35 

Gin Leu Leu Ala 
50 

Asn Ala Ala Thr 
65 

Asn Ala Gly Gly 



Gin Ser Asp Ser 
100 

Asp Gin Ala lie 
115 

Asn Pro Leu Leu 
130 

Gly Gin Ser Asp 
145 

Ser Ser Gly Thr 



Gly Gly Lys Ala 
180 

Val Ser Thr Phe 
195 

Leu Asp Phe Pro 
210 

Val Thr Asp His 
225 

Asn Ser Val Ala 



Thr Leu Asn Asn 
5 

Gly Asp Asn Gly 



Gin Pro lie Asp 
40 

Glu Leu Leu Lys 
55 

Gly Ala Gly Gly 
70 

Leu Asn Gly Arg 
85 

Gin Asn Met Leu 



Thr Pro Asp Gly 
120 

Lys Ala Met Leu 
135 

Gin Phe Gly Gin 
150 

Ser Ser Ser Gly 
165 

Pro Ser Gly Asn 



Ser Pro Pro Ser 
200 

Ser Ser Pro Thr 
215 

Pro Asp Pro Val 
230 

Phe Thr Ser Ala 
245 



Asn Thr Ser Ser 
10 

Leu Gly Gly His 
25 

Arg Gin Thr lie 



Ser Leu Leu Ser 
60 

Asri Asp Gin Thr 
75 

Lys Gly Thr Ala 
90 

Ser Glu Met Gly 
105 

Gin Gly Gly Gly 



Lys Leu He Ala 
140 

Pro Gly Thr Gly 
155 

Gly Ser Pro Phe 
170 

Ser Pro Ser Gly 
185 

Thr Pro Thr Ser 



Lys Ala Ala Gly 

220 

Gly Ser Ala Gly 
235 

Gly Ala Asn Gin 
250 



Ser Pro Gly Leu 
15 

Asn Ala Asn Ser 
30 

Glu Gin Met Ala 
45 

Pro Gin Ser Gly 



Thr Gly Val Gly 
80 

Gly Thr Thr Pro 
95 

Asn Asn Gly Leu 
110 

Gin He Gly Asp 
125 

Arg Met Met Asp 



Asn Asn Ser Ala 
160 

Asn Asp Leu Ser 
175 

Asn Tyr Ser Pro 
190 

Pro Thr Ser Pro 
205 

Gly Ser Thr Pro 



He Gly Ala Gly 
240 

Thr Val Leu His 
255 
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Asp Thr lie Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 

Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Ser Glu Asn 
275 280 285 

Gin Lys Pro Leu Phe lie Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly lie His Leu Tyr Gly Asp Ala 
305 310 315 320 

Lys He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala He Thr 
325 330 335 

Val Lys Pro Asn Ser Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 350 

Ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
370 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 

His lie Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 
420 425 430 

Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 
435 440 445 



<210> 7 
<211> 5517 
<212> DNA 

<213> Erwinia amylovora 
<400> 7 

atggaattaa aatcactggg aactgaacac aaggcggcag tacacacagc ggcgcacaac 60 
cctgtggggc atggtgttgc cttacagcag ggcagcagca gcagcagccc gcaaaatgcc 120 
gctgcatcat tggcggcaga aggcaaaaat cgtgggaaaa tgccgagaat tcaccagcca- 180 
tctactgcgg ctgatggtat cagcgctgct caccagcaaa agaaatcctt cagtctcagg 240 
ggctgtttgg ggacgaaaaa attttccaga tcggcaccgc agggccagcc aggtaccacc 300 
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cacagcaaag gggcaacatt gcgcgatctg ctggcgcggg acgacggcga aacgcagcat 3 60 
gaggcggccg cgccagatgc ggcgcgtttg acccgttcgg gcggcgtcaa acgccgcaat 420 
atggacgaca tggccgggcg gccaatggtg aaaggtggca gcggcgaaga taaggtacca 4 80 
acgcagcaaa aacggcatca gctgaacaat tttggccaga tgcgccaaac gatgttgagc 540 
aaaatggctc acccggcttc agccaacgcc ggcgatcgcc tgcagcattc accgccgcac 600 
atcccgggta gccaccacga aatcaaggaa gaaccggttg gctccaccag caaggcaaca 660 
acggcccacg cagacagagt ggaaatcgct caggaagatg acgacagcga attccagcaa 720 
ctgcatcaac agcggctggc gcgcgaacgg gaaaatccac cgcagccgcc caaactcggc 780 
gttgccacac cgattagcgc caggtttcag cccaaactga ctgcggttgc ggaaagcgtc 84 0 
cttgagggga cagataccac gcagtcaccc cttaagccgc aatcaatgct gaaaggaagt 900 
ggagccgggg taacgccgct ggcggtaacg ctggataaag gcaagttgca gctggcaccg 9 60 
gataatccac ccgcgctcaa tacgttgttg aagcagacat tgggtaaaga cacccagcac 1020 
tatctggcgc accatgccag cagcgacggt agccagcatc tgctgctgga caacaaaggc 1080 
cacctgtttg atatcaaaag caccgccacc agctatagcg tgctgcacaa cagccacccc 114 0 
ggtgagataa agggcaagct ggcgcaggcg ggtactggct ccgtcagcgt agacggtaaa 1200 
agcggcaaga tctcgctggg gagcggtacg caaagtcaca acaaaacaat gctaagccaa 1260 
ccgggggaag cgcaccgttc cttattaacc ggcatttggc agcatcctgc tggcgcagcg 1320 
cggccgcagg gcgagtcaat ccgcctgcat gacgacaaaa ttcatatcct gcatccggag 1380 
ctgggcgtat ggcaatctgc ggataaagat acccacagcc agctgtctcg ccaggcagac 14 40 
ggtaagctct atgcgctgaa agacaaccgt accctgcaaa acctctccga taataaatcc 1500 
tcagaaaagc tggtcgataa aatcaaatcg tattccgttg atcagcgggg gcaggtggcg 1560 
atcctgacgg atactcccgg ccgccataag atgagtatta tgccctcgct ggatgcttcc 1620 
ccggagagcc atatttccct cagcctgcat tttgccgatg cccaccaggg gttattgcac 1680 
gggaagtcgg agcttgaggc acaatctgtc gcgatcagcc atgggcgact ggttgtggcc 1740 
gatagcgaag gcaagctgtt tagcgccgcc attccgaagc aaggggatgg aaacgaactg 18 00 
aaaatgaaag ccatgcctca gcatgcgctc gatgaacatt ttggtcatga ccaccagatt 18 60 
tctggatttt tccatgacga ccacggccag cttaatgcgc tggtgaaaaa taacttcagg 1920 
cagcagcatg cctgcccgtt gggtaacgat catcagtttc accccggctg gaacctgact 1980 
gatgcgctgg ttatcgacaa tcagctgggg ctgcatcata ccaatcctga accgcatgag 2040 
attcttgata tggggcattt aggcagcctg gcgttacagg agggcaagct tcactatttt 2100 
gaccagctga ccaaagggtg gactggcgcg gagtcagatt gtaagcagct gaaaaaaggc 2160 
ctggatggag cagcttatct actgaaagac ggtgaagtga aacgcctgaa tattaatcag 2220 
agcacctcct ctatcaagca cggaacggaa aacgtttttt cgctgccgca tgtgcgcaat 2280 
aaaccggagc cgggagatgc cctgcaaggg ctgaataaag acgataaggc ccaggccatg 234 0 
gcggtgattg gggtaaataa atacctggcg ctgacggaaa aaggggacat tcgctccttc 2400 
cagataaaac ccggcaccca gcagttggag cggccggcac aaactctcag ccgcgaaggt 24 60 
atcagcggcg aactgaaaga cattcatgtc gaccacaagc agaacctgta tgccttgacc 2520 
cacgagggag aggtgtttca tcagccgcgt gaagcctggc agaatggtgc cgaaagcagc 2580 
agctggcaca aactggcgtt gccacagagt gaaagtaagc taaaaagtct ggacatgagc 2 64 0 
catgagcaca aaccgattgc cacctttgaa gacggtagcc agcatcagct gaaggctggc 2700 
ggctggcacg cctatgcggc acctgaacgc gggccgctgg cggtgggtac cagcggttca 27 60 
caaaccgtct ttaaccgact aatgcagggg gtgaaaggca aggtgatccc aggcagcggg 2820 
ttgacggtta agctctcggc tcagacgggg ggaatgaccg gcgccgaagg gcgcaaggtc 2880 
agcagtaaat tttccgaaag gatccgcgcc tatgcgttca acccaacaat gtccacgccg 2940 
cgaccgatta aaaatgctgc ttatgccaca cagcacggct ggcaggggcg tgaggggttg 3000 
aagccgttgt acgagatgca gggagcgctg attaaacaac tggatgcgca taacgttcgt 3060 
cataacgcgc cacagccaga tttgcagagc aaactggaaa ctctggattt aggcgaacat 3120 
ggcgcagaat tgcttaacga catgaagcgc ttccgcgacg aactggagca gagtgcaacc 3180 
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cgttcggtga ccgttttagg tcaacatcag ggagtgctaa aaagcaacgg tgaaatcaat 3240 
agcgaattta agccatcgcc cggcaaggcg ttggtccaga gctttaacgt caatcgctct 3300 
ggtcaggatc taagcaagtc actgcaacag gcagtacatg ccacgccgcc atccgcagag 3360 
agtaaactgc aatccatgct ggggcacttt gtcagtgccg gggtggatat gagtcatcag 3420 
aagggcgaga tcccgctggg ccgccagcgc gatccgaatg ataaaaccgc actgaccaaa 3480 
tcgcgtttaa ttttagatac cgtgaccatc ggtgaactgc atgaactggc cgataaggcg 3540 
aaactggtat ctgaccataa acccgatgcc gatcagataa aacagctgcg ccagcagttc 3600 
gatacgctgc gtgaaaagcg gtatgagagc aatccggtga agcattacac cgatatgggc 3660 
ttcacccata ataaggcgct ggaagcaaac tatgatgcgg tcaaagcctt tatcaatgcc 3720 
tttaagaaag agcaccacgg cgtcaatctg accacgcgta ccgtactgga atcacagggc 3780 
agtgcggagc tggcgaagaa gctcaagaat acgctgttgt ccctggacag tggtgaaagt 3840 
atgagcttca gccggtcata tggcgggggc gtcagcactg tctttgtgcc tacccttagc 3900 
aagaaggtgc cagttccggt gatccccgga gccggcatca cgctggatcg cgcctataac 3960 
ctgagcttca gtcgtaccag cggcggattg aacgtcagtt ttggccgcga cggcggggtg 4 020 
agtggtaaca tcatggtcgc taccggccat gatgtgatgc cctatatgac cggtaagaaa 4080 
accagtgcag gtaacgccag tgactggttg agcgcaaaac ataaaatcag cccggacttg 4140 
cgtatcggcg ctgctgtgag tggcaccctg caaggaacgc tacaaaacag cctgaagttt 4200 
aagctgacag aggatgagct gcctggcttt atccatggct tgacgcatgg cacgttgacc 4260 
ccggcagaac tgttgcaaaa ggggatcgaa catcagatga agcagggcag caaactgacg 4320 
tttagcgtcg atacctcggc aaatctggat ctgcgtgccg gtatcaatct gaacgaagac 4380 
ggcagtaaac caaatggtgt cactgcccgt gtttctgccg ggctaagtgc atcggcaaac 444 0 
ctggccgccg gctcgcgtga acgcagcacc acctctggcc agtttggcag cacgacttcg 4500 
gccagcaata accgcccaac cttcctcaac ggggtcggcg cgggtgctaa cctgacggct 4560 
gctttagggg ttgcccattc atctacgcat gaagggaaac cggtcgggat cttcccggca 4 620 
tttacctcga ccaatgtttc ggcagcgctg gcgctggata accgtacctc acagagtatc 4 680 
agcctggaat tgaagcgcgc ggagccggtg accagcaacg atatcagcga gttgacctcc 474 0 
acgctgggaa aacactttaa ggatagcgcc acaacgaaga tgcttgccgc tctcaaagag 4800 
ttagatgacg ctaagcccgc tgaacaactg catattttac agcagcattt cagtgcaaaa 4860 
gatgtcgtcg gtgatgaacg ctacgaggcg gtgcgcaacc tgaaaaaact ggtgatacgt 4 920 
caacaggctg cggacagcca cagcatggaa ttaggatctg ccagtcacag cacgacctac 4 980 
aataatctgt cgagaataaa taatgacggc attgtcgagc tgctacacaa acatttcgat 504 0 
gcggcattac cagcaagcag tgccaaacgt cttggtgaaa tgatgaataa cgatccggca 5100 
ctgaaagata ttattaagca gctgcaaagt acgccgttca gcagcgccag cgtgtcgatg 5160 
gagctgaaag atggtctgcg tgagcagacg gaaaaagcaa tactggacgg taaggtcggt 5220 
cgtgaagaag tgggagtact tttccaggat cgtaacaact tgcgtgttaa atcggtcagc 5280 
gtcagtcagt ccgtcagcaa aagcgaaggc ttcaataccc cagcgctgtt actggggacg 5340 
agcaacagcg ctgctatgag catggagcgc aacatcggaa ccattaattt taaatacggc 5400 
caggatcaga acaccccacg gcgatttacc ctggagggtg gaatagctca ggctaatccg 5460 
caggtcgcat ctgcgcttac tgatttgaag aaggaagggc tggaaatgaa gagctaa 5517 



<210> 8 
<211> 1838 
<212> PRT 

<213> Erwinia amylovora 
<400> 8 

Met Glu Leu Lys Ser Leu Gly Thr Glu His Lys Ala Ala Val His Thr 
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15 10 15 

Ala Ala His Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 25 30 

Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 
35 40 45 

Lys Asn Arg Gly Lys Met Pro Arg lie His Gin Pro Ser Thr Ala Ala 
50 55 60 

Asp Gly lie Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Arg 
65 70 75 80 

Gly Cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
85 90 95 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
100 105 110 

Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 
115 120 125 

Arg Leu Thr Arg Ser Gly Gly Val Lys Arg Arg Asn Met Asp Asp Met 
130 135 140 

Ala Gly Arg Pro Met Val Lys Gly Gly Ser Gly Glu Asp Lys Val Pro 
145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 
165 170 175 

Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Asn Ala Gly Asp 
180 185 190 

Arg Leu Gin His Ser Pro Pro His lie Pro Gly Ser His His Glu lie 
195 200 205 

Lys Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 
210 215 220 

Asp Arg Val Glu lie Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
225 230 235 240 

Leu His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 255 

Pro Lys Leu Gly Val Ala Thr Pro lie Ser Ala Arg Phe Gin Pro Lys 
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260 265 270 

Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
290 295 300 

Thr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 

Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lys Gin Thr Leu Gly Lys 
325 330 335 

Asp Thr Gin His Tyr Leu Ala His His Ala Ser Ser Asp Gly Ser Gin 
340 345 350 

His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp He Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu He Lys 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 
385 390 395 400 

Ser Gly Lys He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 
405 410 415 

Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly He 
420 425 430 

Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 

Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
465 470 475 480 

Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 

Asp Asn Lys Ser Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 
500 505 510 

Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
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515 520 525 

His Lys Met Ser lie Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 

lie Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
545 550 555 560 

Gly Lys Ser Glu Leu Glu Ala Gin Ser Val Ala lie Ser His Gly Arg 
565 570 575 

Leu Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala lie Pro 
580 585 590 

Lys Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 
595 600 605 

Ala Leu Asp Glu His Phe Gly His Asp His Gin lie Ser Gly Phe Phe 
610 615 620 

His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 
625 630 635 640 

Gin Gin His Ala Cys Pro Leu Gly Asn Asp His Gin Phe His Pro Gly 
645 650 655 

Trp Asn Leu Thr Asp Ala Leu Val lie Asp Asn Gin Leu Gly Leu His 
660 665 670 

His Thr Asn Pro Glu Pro His Glu He Leu Asp Met Gly His Leu Gly 
675 680 685 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 
690 695 700 

Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 
705 710 715 720 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 730 735 

Asn He Asn Gin Ser Thr Ser Ser He Lys His Gly Thr Glu Asn Val 
740 745 750 

Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
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770 775 780 

Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp lie Arg Ser Phe 
785 790 795 800 

Gin lie Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 815 

Ser Arg Glu Gly lie Ser Gly Glu Leu Lys Asp lie His Val Asp His 
820 825 830 

Lys Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 

Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 
850 855 860 

Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
865 870 875 880 

His Glu His Lys Pro lie Ala Thr Phe Glu Asp Gly Ser Gin His Gin 
885 890 895 

Leu Lys Ala Gly Gly Trp His Ala Tyr Ala Ala Pro Glu Arg Gly Pro 
900 905 910 

Leu Ala Val Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Met 
915 920 925 

Gin Gly Val Lys Gly Lys Val lie Pro Gly Ser Gly Leu Thr Val Lys 
930 935 940 

Leu Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 
945 950 955 960 

Ser Ser Lys Phe Ser Glu Arg lie Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 975 

Met Ser Thr Pro Arg Pro lie Lys Asn Ala Ala Tyr Ala Thr Gin His 
980 985 990 

Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
995 1000 1005 

Ala Leu He Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 1020 



Gin Pro Asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
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1025 1030 1035 1040 

Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 
1060 1065 1070 

Leu Lys Ser Asn Gly Glu lie Asn Ser Glu Phe Lys Pro Ser Pro Gly 
1075 1080 1085 

Lys Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 1100 

Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 
1105 1110 1115 1120 

Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 1130 1135 

Met Ser His Gin Lys Gly Glu lie Pro Leu Gly Arg Gin Arg Asp Pro 
1140 1145 1150 

Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu lie Leu Asp Thr Val 
1155 1160 1165 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 1175 1180 

Asp His Lys Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 
1185 1190 1195 1200 

Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys His Tyr 
1205 1210 1215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 1230 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 
1235 1240 1245 

Asn Leu Thr Thr Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 
1250 1255 1260 

Ala Lys Lys Leu Lys Asn Thr Leu Leu Ser Leu Asp Ser Gly Glu Ser 
1265 1270 1275 1280 

Met Ser Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 
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1285 1290 1295 

Pro Thr Leu Ser Lys Lys Val Pro Val Pro Val He Pro Gly Ala Gly 
1300 1305 1310 

He Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 
1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn He 
1330 1335 1340 

Met Val Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lys 
1345 1350 1355 1360 

Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His Lys He 
1365 1370 1375 

Ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu Gin Gly 
1380 1385 1390 

Thr Leu Gin Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 
1395 1400 1405 

Gly Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 
1410 1415 1420 

Leu Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 
1425 1430 1435 1440 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 
1445 1450 1455 

Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 
1460 1465 1470 

Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 
1475 1480 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 

Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 
1505 1510 1515 1520 

Ala Leu Gly Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 1535 

He Phe Pro Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
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1540 1545 1550 

Asp Asn Arg Thr Ser Gin Ser lie Ser Leu Glu Leu Lys Arg Ala Glu 
1555 1560 1565 

Pro Val Thr Ser Asn Asp lie Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 1575 1580 

His Phe Lys Asp Ser Ala Thr Thr Lys Met Leu Ala Ala Leu Lys Glu 
1585 1590 1595 1600 

Leu Asp Asp Ala Lys Pro Ala Glu Gin Leu His lie Leu Gin Gin His 
1605 1610 1615 

Phe Ser Ala Lys Asp Val Val Gly Asp Glu Arg Tyr Glu Ala Val Arg 
1620 1625 1630 

Asn Leu Lys Lys Leu Val lie Arg Gin Gin Ala Ala Asp Ser His Ser 
1635 1640 1645 

Met Glu Leu Gly Ser Ala Ser His Ser Thr Thr Tyr Asn Asn Leu Ser 
1650 1655 1660 

Arg lie Asn Asn Asp Gly lie Val Glu Leu Leu His Lys His Phe Asp 
1665 1670 1675 1680 

Ala Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Glu Met Met Asn 
1685 1690 1695 

Asn Asp Pro Ala Leu Lys Asp lie lie Lys Gin Leu Gin Ser Thr Pro 
1700 1705 1710 

Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Gly Leu Arg Glu 
1715 1720 1725 

Gin Thr Glu Lys Ala lie Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 1735 1740 

Gly Val Leu Phe Gin Asp Arg Asn Asn Leu Arg Val Lys Ser Val Ser 
1745 1750 1755 1760 

Val Ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
1765 1770 1775 

Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg Asn lie 
1780 1785 1790 

Gly Thr lie Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 
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1795 1800 1805 

Phe Thr Leu Glu Gly Gly He Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 1820 

Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1825 1830 1835 



<210> 9 
<211> 420 
<212> DNA 

<213> Erwinia amylovora 
<400> 9 

atgacatcgt cacagcagcg ggttgaaagg tttttacagt atttctccgc cgggtgtaaa 60 
acgcccatac atctgaaaga cggggtgtgc gccctgtata acgaacaaga tgaggaggcg 120 
gcggtgctgg aagtaccgca acacagcgac agcctgttac tacactgccg aatcattgag 180 
gctgacccac aaacttcaat aaccctgtat tcgatgctat tacagctgaa ttttgaaatg 240 
gcggccatgc gcggctgttg gctggcgctg gatgaactgc acaacgtgcg tttatgtttt 300 
cagcagtcgc tggagcatct ggatgaagca agttttagcg atatcgttag cggcttcatc 360 
gaacatgcgg cagaagtgcg tgagtatata gcgcaattag acgagagtag cgcggcataa 420 



<210> 10 
<211> 139 
<212> PRT 

<213> Erwinia amylovora 
<400> 10 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
15 10 15 

Ala Gly Cys Lys Thr Pro He His Leu Lys Asp Gly Val Cys Ala Leu 
20 25 30 

Tyr Asn Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro 1 Gin His 
35 40 45 

Ser Asp Ser Leu Leu Leu His Cys Arg He He Glu Ala Asp Pro Gin 
50 55 60 

Thr Ser lie Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
65 70 75 80 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 
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Arg Leu Cys Phe Gin Gin Ser Leu Glu His Leu Asp Glu Ala Ser Phe 
100 105 110 

Ser Asp lie Val Ser Gly Phe lie Glu His Ala Ala Glu Val Arg Glu 
115 120 125 

Tyr lie Ala Gin Leu Asp Glu Ser Ser Ala Ala 
130 135 



<210> 11 
<211> 341 
<212> PRT 

<213> Pseudomonas syringae 
<400> 11 

Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
15 10 15 

Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 
35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 55 60 

Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp Val 
65 70 75 80 

lie Ala Ala Leu Asp Lys Leu lie His Glu Lys Leu Gly Asp Asn Phe 
85 90 95 

Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 
100 105 110 

Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
130 135 140 

Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 
145 150 155 160 

Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 170 175 
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Leu Asp Gly Asp 
180 

Gly Gin Gin Leu 
195 

Thr Gly Gly Gly 
210 

Val Met Gly Asp 

225 

Gly Asn Thr Arg 



Arg Gly Leu Gin 
260 

Asn Thr Pro Gin 
275 

Asp Leu Asp Gin 
290 

Thr Leu Lys Asp 
305 

Ala Gin lie Ala 



Asn Gin Ala Ala 
340 



Glu Thr Ala Ala 



Gly Asn Gin Gin 
200 

Leu Gly Thr Pro 
215 

Pro Leu lie Asp 
230 

Gly Glu Ala Gly 
245 

Ser Val Leu Ala 



Thr Gly Thr Ser 
280 

Leu Leu Gly Gly 
295 

Ala Gly Gin Thr 
310 

Thr Leu Leu Val 
325 

Ala 



Phe Arg Ser Ala 
185 

Ser Asp Ala Gly 



Ser Ser Phe Ser 
220 

Ala Asn Thr Gly 

235 

Gin Leu lie Gly 
250 

Gly Gly Gly Leu 
265 

Ala Asn Gly Gly 



Leu Leu Leu Lys 
300 

Gly Thr Asp Val 
315 

Ser Thr Leu Leu 
330 



Leu Asp lie lie 
190 

Ser Leu Ala Gly 
205 

Asn Asn Ser Ser 



Pro Gly Asp Ser 
240 

Glu Leu lie Asp 
255 

Gly Thr Pro Val 
270 

Gin Ser Ala Gin 
285 

Gly Leu Glu Ala 



Gin Ser Ser Ala 
320 

Gin Gly Thr Arg 
335 



<210> 12 
<211> 1026 
<212> DNA 

<213> Pseudomonas syringae 
<400> 12 

atgcagagtc tcagtcttaa cagcagctcg ctgcaaaccc cggcaatggc ccttgtcctg 60 
gtacgtcctg aagccgagac gactggcagt acgtcgagca aggcgcttca ggaagttgtc 120 
gtgaagctgg ccgaggaact gatgcgcaat ggtcaactcg acgacagctc gccattggga 180 
aaactgttgg ccaagtcgat ggccgcagat ggcaaggcgg gcggcggtat tgaggatgtc 240 
atcgctgcgc tggacaagct gatccatgaa aagctcggtg acaacttcgg cgcgtctgcg 300 
gacagcgcct cgggtaccgg acagcaggac ctgatgactc aggtgctcaa tggcctggcc 360 
aagtcgatgc tcgatgatct tctgaccaag caggatggcg ggacaagctt ctccgaagac 420 
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gatatgccga tgctgaacaa gatcgcgcag ttcatggatg acaatcccgc acagtttccc 4 80 
aagccggact cgggctcctg ggtgaacgaa ctcaaggaag acaacttcct tgatggcgac 540 
gaaacggctg cgttccgttc ggcactcgac atcattggcc agcaactggg taatcagcag 600 
agtgacgctg gcagtctggc agggacgggt ggaggtctgg gcactccgag cagtttttcc 660 
aacaactcgt ccgtgatggg tgatccgctg atcgacgcca ataccggtcc cggtgacagc 720 
ggcaataccc gtggtgaagc ggggcaactg atcggcgagc ttatcgaccg tggcctgcaa 780 
tcggtattgg ccggtggtgg actgggcaca cccgtaaaca ccccgcagac cggtacgtcg 84 0 
gcgaatggcg gacagtccgc tcaggatctt gatcagttgc tgggcggctt gctgctcaag 900 
ggcctggagg caacgctcaa ggatgccggg caaacaggca ccgacgtgca gtcgagcgct 960 
gcgcaaatcg ccaccttgct ggtcagtacg ctgctgcaag gcacccgcaa tcaggctgca 102 0 
gcctga 1026 



<210> 13 
<211> 1729 
<212> DNA 

<213> Pseudomonas syringae 
<400> 13 

tccacttcgc tgattttgaa attggcagat tcatagaaac gttcaggtgt ggaaatcagg 60 
ctgagtgcgc agatttcgtt gataagggtg tggtactggt cattgttggt catttcaagg 120 
cctctgagtg cggtgcggag caataccagt cttcctgctg gcgtgtgcac actgagtcgc 18 0 
aggcataggc atttcagttc cttgcgttgg ttgggcatat aaaaaaagga acttttaaaa 240 
acagtgcaat gagatgccgg caaaacggga accggtcgct gcgctttgcc actcacttcg 300 
agcaagctca accccaaaca tccacatccc tatcgaacgg acagcgatac ggccacttgc 360 
tctggtaaac cctggagctg gcgtcggtcc aattgcccac ttagcgaggt aacgcagcat 420 
gagcatcggc atcacacccc ggccgcaaca gaccaccacg ccactcgatt tttcggcgct 480 
aagcggcaag agtcctcaac caaacacgtt cggcgagcag aacactcagc aagcgatcga 54 0° 
cccgagtgca ctgttgttcg gcagcgacac acagaaagac gtcaacttcg gcacgcccga 600 
cagcaccgtc cagaatccgc aggacgccag caagcccaac gacagccagt ccaacatcgc 660 
taaattgatc agtgcattga tcatgtcgtt gctgcagatg ctcaccaact ccaataaaaa 720 
gcaggacacc aatcaggaac agcctgatag ccaggctcct ttccagaaca acggcgggct 780 
cggtacaccg tcggccgata gcgggggcgg cggtacaccg gatgcgacag gtggcggcgg 840 
cggtgatacg ccaagcgcaa caggcggtgg cggcggtgat actccgaccg caacaggcgg 900 
tggcggcagc ggtggcggcg gcacacccac tgcaacaggt ggcggcagcg gtggcacacc 960 
cactgcaaca ggcggtggcg agggtggcgt aacaccgcaa atcactccgc agttggccaa 1020 
ccctaaccgt acctcaggta ctggctcggt gtcggacacc gcaggttcta ccgagcaagc 1080 
cggcaagatc aatgtggtga aagacaccat caaggtcggc gctggcgaag tctttgacgg 1140 
ccacggcgca accttcactg ccgacaaatc tatgggtaac ggagaccagg gcgaaaatca 1200 
gaagcccatg ttcgagctgg ctgaaggcgc tacgttgaag aatgtgaacc tgggtgagaa 1260 
cgaggtcgat ggcatccacg tgaaagccaa aaacgctcag gaagtcacca ttgacaacgt 1320 
gcatgcccag aacgtcggtg aagacctgat tacggtcaaa ggcgagggag gcgcagcggt 1380 
cactaatctg aacatcaaga acagcagtgc caaaggtgca gacgacaagg ttgtccagct 1440 
caacgccaac actcacttga aaatcgacaa cttcaaggcc gacgatttcg gcacgatggt 1500 
tcgcaccaac ggtggcaagc agtttgatga catgagcatc gagctgaacg gcatcgaagc 15 60 
taaccacggc aagttcgccc tggtgaaaag cgacagtgac gatctgaagc tggcaacggg 1620 
caacatcgcc atgaccgacg tcaaacacgc ctacgataaa acccaggcat cgacccaaca 1680 
caccgagctt tgaatccaga caagtagctt gaaaaaaggg ggtggactc 1729 
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<210> 14 
<211> 424 
<212> PRT 

<213> Pseudomonas syringae 
<400> 14 

Met Ser lie Gly lie Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
15 10 15 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
20 25 30 

Glu Gin Asn Thr Gin Gin Ala lie Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 
50 55 60 

Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn lie 
65 70 • 75 80 

Ala Lys Leu lie Ser Ala Leu lie Met Ser Leu Leu Gin Met Leu Thr 
85 90 95 

Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
100 105 110 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 
130 135 140 

Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
145 150 155 160 

Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 

Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
180 185 190 

Pro Gin lie Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 205 

Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys lie 
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210 215 220 

Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 230 235 240 

Gly His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 

Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 

260 265 270 

Leu Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly He His Val 
275 280 285 

Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val' His Ala Gin 
290 295 300 

Asn Val Gly Glu Asp Leu lie Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn lie Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 

Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys lie Asp Asn Phe 
340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 
370 375 380 

Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
385 390 395 400 

Gly Asn lie Ala Met Thr Asp Val Lys His Ala Tyr Asp Lys Thr Gin 
405 410 415 

Ala Ser Thr Gin His Thr Glu Leu 
420 



<210> 15 
<211> 344 
<212> PRT 

<213> Pseudomonas solanacearum 
<400> 15 
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Met Ser Val Gly Asn He Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 
15 10 15 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 

Val Gin Asp Leu He Lys Gin Val Glu Lys Asp He Leu Asn He He 
35 40 45 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50 55 60 

Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 
65 70 75 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
100 105 110 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 140 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 
145 150 155 160 

Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 185 190 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 

Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys lie Leu Asn 
245 250 255 
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Ala Leu Val Gin 
260 

Ala Gin Gly Gly 
275 

Ala Asn Pro Gly 
290 

Gly Gin Asn Asn 
305 

Val Gin lie Leu 



Gin Ser Thr Ser 
340 



Met Met Gin Gin 



Ser Lys Gly Ala 
280 

Ala Asn Gin Pro 
295 

Leu Gin Ser Gin 
310 

Gin Gin Met Leu 
325 

Thr Gin Pro Met 



Gly Gly Leu Gly 

265 

Gly Asn Ala Ser 



Gly Ser Ala Asp 
300 

lie Met Asp Val 
315 

a Ala Gin Asn 
330 



Gly Gly Asn Gin 
270 

Pro Ala Ser Gly 
285 

Asp Gin Ser Ser 



Val Lys Glu Val 
320 

Gly Gly Ser Gin 
335 



<210> 16 
<211> 1035 
<212> DNA 

<213> Pseudomonas solanacearum 
<400> 16 

atgtcagtcg gaaacatcca gagcccgtcg aacctcccgg gtctgcagaa cctgaacctc 60 

aacaccaaca ccaacagcca gcaatcgggc cagtccgtgc aagacctgat caagcaggtc 120 

gagaaggaca tcctcaacat catcgcagcc ctcgtgcaga aggccgcaca gtcggcgggc 180 

ggcaacaccg gtaacaccgg caacgcgccg gcgaaggacg gcaatgccaa cgcgggcgcc 24 0 

aacgacccga gcaagaacga cccgagcaag agccaggctc cgcagtcggc caacaagacc 300 

ggcaacgtcg acgacgccaa caaccaggat ccgatgcaag cgctgatgca gctgctggaa 3 60 

gacctggtga agctgctgaa ggcggccctg cacatgcagc agcccggcgg caatgacaag 420 

ggcaacggcg tgggcggtgc caacggcgcc aagggtgccg gcggccaggg cggcctggcc 4 80 

gaagcgctgc aggagatcga gcagatcctc gcccagctcg gcggcggcgg tgctggcgcc 54 0 

ggcggcgcgg gtggcggtgt cggcggtgct ggtggcgcgg atggcggctc cggtgcgggt 600 

ggcgcaggcg gtgcgaacgg cgccgacggc ggcaatggcg tgaacggcaa ccaggcgaac 660 

ggcccgcaga acgcaggcga tgtcaacggt gccaacggcg cggatgacgg cagcgaagac 72 0 

cagggcggcc tcaccggcgt gctgcaaaag ctgatgaaga tcctgaacgc gctggtgcag 780 

atgatgcagc aaggcggcct cggcggcggc aaccaggcgc agggcggctc gaagggtgcc 84 0 

ggcaacgcct cgccggcttc cggcgcgaac ccgggcgcga accagcccgg ttcggcggat 900 

gatcaatcgt ccggccagaa caatctgcaa tcccagatca tggatgtggt gaaggaggtc 960 

gtccagatcc tgcagcagat gctggcggcg cagaacggcg gcagccagca gtccacctcg 1020 

acgcagccga tgtaa 1035 



<210> 17 
<211> 10 
<212> PRT 
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<213> Xanthomonas campestris 
<400> 17 

Met Asp Gly lie Gly Asn His Phe Ser Asn 
15 10 



<210> 18 
<211> 20 
<212> PRT 

<213> Xanthomonas campestris pv. pelargonii 
<400> 18 

Ser Ser Gin Gin Ser Pro Ser Ala Gly Ser Glu Gin Gin Leu Asp Gin 
15 10 15 

Leu Leu Ala Met 
20 
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Plants have evolved a complex array of biochemical pathways that enable them t 0 
recognize and respond to signals from the environment. A common form of plant 
resistance is the restriction of pathogen proliferation to a small zone surrounding the site 
of infection. Typically this restriction is accompanied by localized necrosis. In addition 
to local defense response, plants also respond to infection by activating defenses in 
uninfected parts of the plant, which result in resistance of the plant to secondary 
infection (Dean and Kuc, 1985). effectively , this phenomenon of induced resistance 
is cafted systemic acquired resistance (SAR), SAR reduces the seventy of disease 
caused by a$ classes of pathogens and ft can persist for several weeks or longer. SAR 
can be mtiuceti by abiotic agents, such as salicylic add as well as biotic agents su^ 
as virulent and awulent pathogens {Dean and Kuc, 1 985; Maiamy at aL, 1 990). Salicylic 
acid is believed to play a signal function in the induction of SAR since endogenous levels 
of salicylic acid increase after Immunization" with an incompatible pathogen. However 
at present little is known about the signal transduction pathways activated during 
responses of a plant to attack by a pathogen, although this knowledge Is central to 
understanding disease susceptibility and resistance, 

Erwinia amyiovora is an often devastating plant pathogenic bacterium that causes 
the fire blight disease of pear, apple and many other rosaceous plants. In non~hos! 
plants, £ amyiovora elicits the hypersensitive response (HR), which is characterized by 
a rapid, localized death of tissues infiltrated with high concentrations of bacteria! cells 
(>10 7 cfu/mi) (Kiement, 1982), hrp genes are essential for E amyiovora to cause 
disease in host plants and to elicit the HR in non-host plants (Beer et a/., 1991 }, Harpin 
is a heat-stable, g!ycine-rich t secreted protein with molecular mass of 3? kO, it j$ 
encoded by hrpN of £ amyiovora (Wei et a/., 1992}. When infiltrated into intercellular 
spaces, harpin elicits the HR in many pl&nts including tobacco, pepper, sunflower, 
tomato cabbage, arabidopsis, cucumber, geranium, watermelon and lettuce. 

The HR is believed to be associated with plant defense against pathogens, Hence 
we reasoned that harpin-induced HR may induce plant resistance. We tested harpin- 
induced resistance in more than seven different plants against eight diseases caused 
by fungi, bacteria and viruses. All tested plants showed some resistance. Here we 
report evidence of harprn-induced resistance to three diseases, southern bacterial wilt 
of tomato, tobacco mosaic virus and Giiocladium leaf spot of cucumber, 

Harpin-induced resistance in tomato against southern bacterial wilt caused 
by Pseudomonas sofamcearum, 

100 $ of a cell suspension of ca. 10 B cfu/ml of Escherichia oofi DH5a{pCPP430) 
or 100 pi of a 200 ^g/ml crude harpin preparations were infiltrated into portions of the 
two lower true leaves of two^week-old tomato seedlings grown in S x 15 cm fiats in the 
greenhouse. Twenty plants were used for each treatment. Necrosis was evident 24 
hours after infiltration of harpin or E coti DH5a(pCPP430) t which produces and secretes 
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hatpin. Four days after the tomato seedlings had been treated with harpin or bacteria, f jjj 

they were inoculated with R salanac&arum KBO (10 7 cfu/ml} by root dipping for three f more f 

minutes. The inoculated plants were replanted into the same flats and feft ma f minimi 

greenhouse. None of the 20 hatpin-infiltrated plants showed any symptoms one week | resist! 

after inoculation with P. solamcearum K60. However, seven of the 20 buffer-inQfrated We ex 

plants were stunted. After two weeks, 11 buffer-infiftrated plants showed severe wilting I signal 

and five were stunted, characteristics of the southern bacterial wilt disease, in i practiij 

comparison, only two harpfcHreated plants appeared wilted and three plants were $ j 

stunted, Simiiar induced resistance was observed following infiltration of living bacteria $ ACKf^ 

£ co#DH5a(pCPP430) t but not by £ coff DH5a{pCPP430") f which is a harpin-deficlent f j 

mutant created by transposon TuStac insertion ^nto the hrpN gene. These results | Corral 

indicate that harpin, which is produced and secreted by hrp gene cluster of E f M ew y 

amyiovora, is responsible far the induced-resistance realized. f :j 

Harpm-induced resistance in tobacco to tobacco mosaic virus (TMV) f g eer j 

One panel of a lower leaf of four-week-old tobacco seedlings {Nicotiana tabacum :l " 

L "Xarrthr with N gene) was infiltrated with 100 \A of a 200 pg/ml crude harpin 
preparation in 5 roM phosphate buffer, Three days later, the plants were challenged 
with TMV. Fifty pi of a suspension of TMV (5 pg/ml) was rubbed on one upper leaf with f Keen: 

400-mesh carborundum. Six plants were used for each treatment. Necrotic lesions f j 

appeared on inoculated leaves of both harpin- and buffer-treated plants 4 days after 
inoculation. The average number of necrotic lesions from the six harpin-treated plants 
was 21 1 which was significantly less than the 67 lesion average that developed on six | Kiem* 

buffer-treated plants. More importantly, the size of the lesions on buffer-treated plants 1 f 

was larger than those on the harpin-treated plants. Actually, it was difficult to distinguish | Deani 

individual lesions on the buffer-treated plants by day 10, because several necrotic | | 

lesions had merged- | 

b Mala* 

Harpin-induced resistance against GHocisdium leaf spot of cucumber % \ 

Harpin or a cell suspension of £ coi/DH50((pCPP430) was infiltrated into first two f j 

true leaves of two-week-old cucumber seedlings. Six plants were infiltrated for each f van dl 

treatment Four days after infiltration of harpin, a Gtiocladium cucurbitas spore f J 

suspension {10* spores/mi) was sprayed onto the whole plants. The inoouiated plants | Wei, i 

were incubated in a moisture chamber. Ten days after the inoculation, typical leaf spots 
appeared, A mean of six lesions was present on the lowest ieaves of six harpin-treated 
plants, but 32 lesions formed on the same ieaves of the six buffer-treated plants. On 
the third lowest leaves, the difference in disease severity was even greater; there were 
virtually no lesions on harpin-treated plants, however, more than 30 lesions were found 
on the buffer-treated plants, Later, most of the diseased leaves on buffer-treated plants 
wilted and died. 

The examples outlined above show that harpin is able to induce resistance in 
different plants against bacterial, viral and fungai pathogens. Although mechanisms of 
harpin-induced resistance are unknown, some of our preliminary experiments have 
shown that harpin may act as an elicitor of salicylic acid induction, which is believed to 
be involved fn SAR {Maiamy eta!-., 1990). Unlike some host-specific eiicrtors (Keen et 
s!., 1990), harpin is able to elicit the HR on a broad range of plants. Thus, we expect 
that harpin-induced resistance can be achieved m many plants either by manipulation 
of harpin exogenously or by harpin-mediated transgenic plants. 
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a * J Our studies of harpm-induced resistance are just beginning and we need to le&m 

- e ? more to understand the exciting features of this phenomenon^ For example, what is the 

a % minimal amount of harpin needed to induce plant resistance and how long does the 

- k | resistance persist, and what mechanisms are involved in harprn-induced resistance? 

Jd A w $ expect that harpin as a novel moiecuie will play an important role in dissectina the 

*9 4 signal transduction pathways of induced-resistance in plants, and perhaps also in 

in 4 practical disease control 

re 4 

ia f AC KNOW LEDGE MEN? 

^ i The search reported hers was sponsored in part by Eden Bioscience inc. and the 

1 Cornell Center for Advanced Technology in Biotechnology which Is sponsored by the 

b - | New Yor * State Science and Technology Foundation and industrial partners. 
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Induction of systemic acquired resistance in cucumber by 
Pseudomonas syringae pv. syringae 61 HrpZ Pss protein 



N.E. Strobel 1 , C. Ji 1 , S. Gopalan 2 , J.A. Kuc 1 
and S.Y. He 1A * 

1 Department of Plant Pathology, University of Kentucky, 
Lexington, KY 40546, USA, and 
2 MSU-D0E Plant Research Laboratory, Michigan State 
University, East Lansing, Ml 43824-1312, USA 

Summary 

Systemic acquired resistance (SAR) is an inducible plant 
defense response and is effective against a broad spectrum 
of pathogens. Biological induction of SAR usually follows 
plant cell death resulting from the plant hypersensitive 
response (HR) elicited by an avirulent pathogen or from 
disease necrosis caused by a virulent pathogen. The elicita- 
tion of the HR and disease necroses by pathogenic bacteria 
is controlled by hrp genes. Previously, it was shown that 
the Pseudomonas syringae 61 (PssSI) HrpZ Pss protein 
(formally harping) elicited the HR in plants. In this study, 
it is shown that HrpZp^ induced SAR in cucumber to 
diverse pathogens, including the anthracnose fungus 
[Colletotrichum lagenarium), tobacco necrosis virus and 
the bacterial angular leaf spot bacterium [P s. pv. 
lachrymans), A hrpH mutant of Pss61, which is defective 
in the secretion of HrpZ P „ and, possibly, other protein 
elicrtors, failed to elicit SAR. Pat ho genesis-related (PR) 
proteins, including peroxidase, P-glucanase and chitinases, 
were induced in cucumber plants inoculated with Pss61, 
C. lagenarium or HrpZ Pss . The induction patterns of PR 
proteins by HrpZ Ps4 and Pss61 were the same, but were 
different from that induced by C. lagenarium. Interestingly, 
the hrpH mutant induced two of the three Identified PR 
proteins, despite its failure to induce SAR. These results 
suggest that proteinaceous elicrtors, such as HrpZ Psif that 
traverse the bacterial Hrp secretion pathway are involved 
in the biological induction of SAR and that at least some 
PR proteins can be induced by bacterial factors that are 
not controlled by hrp genes. 

Introduction 

Localized infection of plants by necrotizing pathogens can 
result in systemic acquired resistance (SAR) to disease, 
which persists for weeks to months and is effective against 
diverse pathogens including fungi, bacteria, and necrotiz- 
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ing viruses (Kuc, 1982; Ross, 1961). Biological induction of 
SAB is usually associated with prior plant cell death during 
the hypersensitive response {HR) or disease necrosis trig- 
gered by avirulent or virulent pathogens, respectively 
(Cameron et aL, 1994; Kuc, 1982; Ross, 1961; Uknes et al, 
1993). Certain synthetic chemicals, such as salicylic acid 
ISA) and 2,6-dich I oroiso nicotinic acid UNA), also can be 
very effective in the induction of SAR when applied to 
plants (Metraux et aL, 1991; White, 1979). The induction of 
SAR in cucumber plants by an avirulent bacterial pathogen, 
Pseudomonas syringae pv. syringae, appears to be depen- 
dent on bacterial hrp genes that are required for many 
plant pathogenic bacteria to elicit the HR in non-host plants 
or to cause disease in host plants (Smith ef aL, 1991). The 
HR is a complex plant resistance reaction which involves 
local plant cell death and restriction of pathogens to the 
site of their introduction (Klement, 1982). 

Recent studies have shown that most Hrp proteins are 
involved in the assembly of a type III protein secretion 
pathway {the Hrp pathway) through which bacterial patho- 
genesis-related proteins traverse to the extracellular milieu 
to initiate various plant-bacterial interactions (Fenselau, 
1992; Huang ef aL, 1992, 1995; Van Gijsegem et aL, 1995). 
One family of such proteins that have been identified 
are heat-stable, glycine-rich proteins: harptn of Erwinia 
amylovora (Wei ef aL, 1992), HrpZ Pss$ (formally harpin Pss ) 
of P s. pv. syringae 61 (Pss6t) (He et aL, 1993) and PopA 
of P. soianacearum (Arlat ef aL, 1994). Harpins and PopA 
were shown to elicit the HR when infiltrated into the leaf 
laminae of appropriate plants (Arlat ef aL, 1994; He et aL, 
1993; Wei ef aL, 1992), to induce exchange of H + and K + 
(the 'XR') across the plasmalernma (Wei et aL, 1992), and 
to generate active oxygen species (Baker ef aL, 1993) when 
added to plant cell cultures, which are all properties of the 
HR elicited by live bacteria. 

As part of our investigation into plant responses to P. 
syringae extracellular proteins under the control of the Hrp 
regulatory/secretion system, we studied the involvement 
of HrpZp ss in the biological induction of SAR by R. s. pv. 
syringae 61. In this paper we describe the experimental 
results showing that Hrp2 Pss , as well as the bacterium 
(Pss61) that produces it, efficiently induced SAR in cucum- 
ber to diverse pathogens, including a fungus (Colleto- 
trichum lagenarium), a bacterium iP. s. pv. lachrymans) 
and a local lesion-forming virus (tobacco necrosis virus). 
The hrpH mutant, which is defective in the secretion 
of HrpZp ss , failed to induce SAR. Multiple pathogenesis- 
related (PR) proteins were detected in cucumber plants 
treated with HrpZp s $, Pss61 and C lagenarium. The efficacy 
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of SAR induction, resistance spectrum and patterns of PR 
protein induction were very similar in plants treated with 
HrpZ P&s and Pss61. interestingly, the PR protein patterns 
induced by HrpZ Pss and Pss61 were somewhat different 
from that induced by C. lagenarium. The hrpH mutant, 
though unable to induce SAR, efficiently induced some of 
the well-characterized PR proteins. These results suggest 
that the biological induction of SAR by P syringae is 
dependent on the bacterial proteins {such as HrpZ Pss > which 
traverse the Hrp secretion pathway and that at least some 
PR-proteins can be induced by bacterial factors other than 
Hrp-controlled extracellular proteins. 

Results 

Symptoms on cucumber leaves treated with SAR 
inducers 

Treatment of leaves with spores of C. lagenarium (a viru- 
lent, necrogenic pathogen of cucumber) resulted in the 
development of symptoms typically obtained with the 
fungus in cucumber: infiltrated areas were asymptomatic 
for 3-4 days, after which time tissues began to collapse 
and become necrotic. Lesions continued to expand for 
several days and developed a tan to brown pigmentation. 
Symptoms induced by treatments with Pss61 (an avirulent, 
HR necrosis-inducing pathogen) and HrpZ Pss varied with 
environmental conditions in the greenhouse. Under high 
levels of natural tight Pss61 and HrpZ Pss triggered the HR 
within 24 and 48 h, respectively, after infiltration. The HR 
was restricted to infiltrated areas and did not expand as 
did the necroses caused by C lagenarium. Under lower 
natural light levels (cloudy days), tissues infiltrated with 
Pss61 or HrpZp ss developed a weaker HR characterized by 
increasing chlorosis over a 3-5 day period, then necroses 
developed gradually and irregularly, despite supplemental 
illumination with sodium lamps. Infiltration with hrpH 
(which is defective in the secretion of HrpZp ss , He et al., 
1993} caused either no symptoms or a very mild chlorosis 
under all conditions tested. Infiltration with buffer alone 
caused only a small ring of white necrosis resulting from 
mechanical damage caused by pressure of the pipette 
mouth against the leaf. Interestingly, infiltration with E. 
amylovora harpin protein, which was prepared from 
DH5a(pCPP50) (He etal,, 1994) and which induced a strong 
HR in tobacco leaves, did not induce HR necrosis in 
cucumber leaves (data not shown). 



SAR to C. lagenarium 

We first tested to see whether HrpZ Pss alone could induce 
SAR to a well-studied fungal pathogen of cucumber, C. 
lagenarium. As shown in Table 1, HrpZ Pss treatment 
induced SAR comparable to that induced by C. lagenarium 



(approximately 90% reduction in total necrotic area relative 
to buffer-treated controls) in two upper leaves which 
expanded subsequent to induction treatment. The degrees 
of SAR induced by HrpZ Pss , Pss61, Pss61-hrpH and C. 
lagenarium in cucumber were subsequently compared. 
Under conditions conducive to HR development in the 
greenhouse (high levels of natural tight due to sunny 
weather) both HrpZ Pss and Pss61 efficiently induced SAR 
in Leaf 2 and Leaf 3 (Table 2 and Figure 1a and b). SAR 
was expressed as a reduction in both the number and 
diameter of necrotic lesions resulting from challenge with 
C. lagenarium. Protection of Leaf 2 was comparable to that 
induced by C lagenarium, whereas protection in Leaf 3 
was weaker than that induced by the fungus. Under the 
conditions of this experiment, expansion of Leaf 2 and 
Leaf 3 occurred after the onset of the HR and necrosis 
incited by C, lagenarium infiltration. Leaf 2 was fully 
expanded prior to challenge-inoculation, whereas Leaf 3 
was not. The hrpH mutant did not induce SAR (Table 2), 
The quality and/or quantity of light profoundly influenced 
the induction of both the HR and SAR in cucumber by 
Pss61 and HrpZ Pss in the greenhouse. When a similar 
experiment was conducted under conditions non-con- 
ducive to HR development (tow levels of natural light on 
cloudy days), neither PssSI nor HrpZ Pss induced the HR or 
SAR, although C. lagenarium incited necrotic lesions on 
Leaf 1 and induced SAR under these conditions (data 
not shown). 

SAR to TNV 

We next examined whether HrpZ Pss -induced SAR would 
be effective against a viral pathogen. In two initial experi- 
ments, the abilities of HrpZ Pss and C. lagenarium to induce 
SAR to TNV were compared. HrpZ Pss elicited a normal HR 
in these experiments and induced SAR to TNV local lesion 
formation comparable to that induced by C. lagenarium 
(Table 3 and Figure 1c and d). We then compared the 
abilities of HrpZ Pss , Pss61, hrpH, and C. lagenarium to 
induce SAR to TNV. Under high light conditions, HrpZ Pss 
and Pss61 elicited a normal HR and induced SAR which 
restricted local lesion formation by TNV to an extent similar 
to that of SAR induced by C. lagenarium. The percentage 
of lesion number reduction was 68% for Pss61, 67,1% for 
HrpZ Pss , and 75.5% for C. lagenarium (Table 3). Under low 
natural light conditions unfavorable for HR development 
(see Experimental procedures), HrpZ Pss and Pss61 elicited 
a weaker degree of SAR relative to that induced by C. 
lagenarium. The percentage of lesion number reduction 
was 44.9% for Pss61, 46.7% for HrpZ Pss , and 89.6% for C. 
lagenarium (Table 3). The lesion numbers observed in 
these independent experiments varied greatly, mainly due 
to the use of different TNV inoculum preparations. TNV 
inoculum was prepared freshly each time from cucumber 



BNSDOCiD: <XP 



22981 13A I > 



Induction of SAR by HrpZp^ 433 



Table 1- Induction by HrpZps* and the fungal pathogen, C. tagenarium, of systemic acquired resistance to C. fagenahum in cucumber 



Treatment 



Lesion 
number 



Leaf 2 



Lesion 
diameter 
(mm) 



Total 
necrotic 
area (mm 2 ) 



Lesion 
number 



Leaf 3 



Lesion 
diameter 
(mm) 



Total 
necrotic 
area (mm 2 ) 



Buffer 

HrpZ Pss 

C. tagenarium 



18.8 ± 0.8 s 
6.5 + 0.9 
3.3 ± 0,8 



2.0 + 0.1 

1.1 ± 0.0 
1.0 ± 0.0 



60.9 ± 7,4 
6.9 ± 1.3 
2.6 ± 0.6 



18.5 ± 0.6 
9.5 ± 1.7 
6.5 ± 1.3 



2.5 
1.3 
1.2 



0.3 
0.1 
0.1 



110.2 ± 29.0 
13.4 + 3.7 
7.5 ± 1.3 



a Mean + SE of four replicate plants per treatment. 

Leaf 1 of young plants was infiltrated with buffer (5 mM MgS0 4 ), or HrpZ Pss (80 \ig ml" 1 ) in buffer, or spores of C. tagenarium (5X10 4 
spores ml" 1 ). After 7 days, Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C tagenarium. Disease was 
allowed to develop for 8 days, 



Table 2. Induction of systemic acquired resistance to C. tagenarium in cucumber by P. s. pv. syr'mgae 61 (Ps$61), HrpZps S , the hrpH mutant 
of Pss81 and C. tagenarium 



Leaf 2 



Leaf 3 



Treatment 



Buffer 

hrpH 

Pss61 

HrpZ^ 

C tagenarium 



Lesion 
number 



15.4+.1.2 8 
13.2 + 1.1 
5.4+0.4 
5.0±0.5 
4.0+1.2 



Lesion 
diameter 
(mm) 



1.6+0.2 
1.7+0.1 
1.2+0.1 
1.2+0.1 
1.3 + 0.3 



Total 
necrotic 
area (mm 2 ) 



Lesion 
number 



Lesion 
diameter 
(mm) 



38.9+8.3 
32.1+2.2 
7.0+1.9 
5.9±1.4 
8.4+5.3 



16.2±1.0 
15.4+1.6 
9.4+1.1 
8.6±2.5 
6.4±1.4 



1.8-0.1 
1.8+0.1 
1.5+0.1 
1.6+0.2 
1.4+0.2 



Total 
necrotic 
area (mm 2 ) 



52.0±8.1 
50.0±11.9 
21.2±6.2 
24.4+9.1 
13.2 ±5.0 



a Mean + SE of five replicate plants per treatment. 

Leaf 1 of young plants was infiltrated with buffer (5 mM MgS0 4 ), bacteria (OD6oo~0.2), HrpZ Pss (160 ug ml" 1 ), or spores of C tagenarium 
(5X10 4 mi" 1 ). After 8 days, Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C. tagenarium. Disease was 
allowed to develop for 8 days. 



leaves bearing TNV lesions. In experiment 3, the hrpH 
mutant induced a low level of SAR to TNV (Table 3). 

SAR to P. syringae pv. lacrymans 

HrpZ Pss and C, tagenarium also induced SAR to the angular 
leaf spot bacterium, P s. pv. lacrymans. For these experi- 
ments, cucumber plants were challenge-inoculated at 11 
days (by spraying) or 17 days (by rubbing) after treatment 
of Leaf 1 (Table 4). Although C. tagenarium was a more 
effective treatment HrpZ Pss also induced significant levels 
of SAR to the bacterium, reducing necrotic lesion numbers 
by 32 and 75%, compared with 50 and 86% for C. 
tagenarium, in the two experiments, respectively. 

Induction of PR proteins 

PR proteins that accumulated in treated cucumber plants 
were first analyzed using native polyacrylamide gel electro- 
phoresis (PAGE). All treatments (C. tagenarium, Pss61 and 
HrpZp ss ) that induced SAR also induced the accumulation 
of three PR protein bands (tentatively named PR-A, PR-B 
and PR-C) (Figure 2a). C. tagenarium induced PR-C, but not 



PR-A and PR-B, in systemic leaves, while Pss61 and HrpZp ss 
induced PR-B, but not PR-A and PR-C, in systemic leaves. 
Treatment with buffer or hrpH mutant did not induce these 
particular PR protein bands to levels that would allow 
visual identification. To see whether any PR proteins with 
known functions were induced in these plants, protein 
extracts were analyzed using native PAGE coupled with 
enzyme (chitinase, peroxidase and p-giucanase) activity 
staining. As shown in Figure 2(b), all three enzymes were 
induced in plants treated with HrpZp^ Pss61 or C. tagen- 
arium in both local (treated) and systemic leaves, although 
induction of chitinase isoforms by Pss61 and HrpZp ss in 
systemic leaves was variable and low. The enzyme activities 
were substantially higher in local leaves than in systemic 
leaves. Surprisingly, although the hrpH mutant bacterium 
failed to induce SAR, it efficiently induced peroxidase and 
chitinase, especially in treated leaves (Figure 2b). Only 
P-glucanase was not found to be induced to high levels in 
the rirpW-treated plants (Figure 2b). It is interesting to 
note that PR protein levels induced by various treatments 
correlated well with degrees of SAR induced by the same 
treatments (C. tagenarium >HrpZpss-Pss61 >hrpH> or = 
buffer). 
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Figure 1. Disease symptoms caused by challenge-infection of C. iagenarium and tobacco necrosis virus on cucumber leaves with or without prior induction 
of SAR. 

Anthracnose symptoms on Leaf 2 of cucumber plants with Leaf 1 previously treated with HrpZ Pss (80 \ig ml" 1 , a) or buffer (5 mM MgSCXt, b). Leaf 1 of young 
plants was infiltrated with buffer or HrpZ Ps ,. After 8 days, Leaf 2 and Leaf 3 were challenged with 20 droplets per leaf containing spores of C. iagenarium. 
Disease was allowed to develop for 8 days, when the picture was taken. 

TNV symptoms on Leaf 3 of cucumber plants with Leaf 1 previously treated with HrpZp 3( (c) or buffer <d). Leaf 1 was treated by infiltration of buffer or 
HfpZpss as described in footnotes to Table 1. After 7 days. Leaf 3 was challenged by mechanical inoculation with a TNV suspension prepared from infected 
cucumber leaves. Disease was allowed to develop for 9 days,when the picture was taken. 



induction of the pr-1 gene and SAR in tobacco 

HrpZp ss also induced SAR to tobacco mosaic virus (TMV) 
in tobacco (Table 5). The SAR level induced by HrpZp ss was 
less than that induced by TMV. This was consistent with 
the different levels of induction of the pr~1 gene by HrpZp ss 
and TMV (Figure 3). TMV-inoculated local leaves (the third 
and fourth true leaves) also showed more necrosis than 
those infiltrated with HrpZp ss (data not shown), which may 



be partly responsible for the different levels of SAR and 
pr-1 expression in TMV- and HrpZp ss -induced plants. 

Discussion 

In this study, we show that HrpZp ss , a bacterial hrp gene 
product secreted via the Hrp pathway of R s. pv* syringae, 
induced SAR in cucumber and tobacco. In cucumber, the 
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Table 3. Induction of systemic acquired resistance to TNV in cucumber by hrpH mutant, Hrp2pg S , Ps$61 and C lagenarium 



Number of TNV necrotic local lesions 



Treatment Experiment 1 Experiment 2 Experiment 3 Experiment 4 



Buffer 


99.7 


±19,6 a 


47.2 + 


0.9 b 


730,0 1 


63.9 s 


342.8±34.3 a 


hrpH 










556.0± 


53.4 


324.3±11.2 


HrpZpss 


28.7 


±3.8 


7.5+ 


1.2 


240.4 i 


27.5 


182.8±18.8 


Pss61 










239.9 ± 


59.7 


189.0±41.9 


C. tagenarium 


34.7 


±18.8 


9.0± 


1.8 


17&8± 


25,9 


35.8+4.6 



a Mean ± SE of three replicate plants per treatment. b !v1ean ± SE of eight replicate plants per treatment. 

Leaf 1 was treated by infiltration of candidate inducers as described in the footnotes of Table 1. After 7 days, leaf 3 was challenged by 
mechanical inoculation with a TNV suspension prepared from infected cucumber leaves. Disease was allowed to develop for 10 or 9 days 
in experiments 1 and 2, respectively. 

Experiments 1, 2 and 3 were performed under high levels of natural light during induction periods. 
Experiment 4 was performed on cloudy days. 

that at least some PR proteins can be induced by bacterial 
molecules independent of hrp gene functions. 

The efficacy of both HrpZ Pss and Pss61 as inducers of 
SAR in cucumber appeared to be contingent upon their 
ability to elicit a normal HR, as low levels of natural light 
during the induction period, which interfered with HR 
development resulted in reduced SAR to TNV and no SAR 
to C. lagenarium {Table 3; Strobel and He, unpublished 
work). The negative effect of low light likely resulted from 
an effect on HR development rather than upon the plant's 
capacity to express SAR because C. lagenarium formed 
necrotic lesions typical of this compatible pathogen on 
Leaf 1 {the inducer leaf) and triggered SAR under these 
same conditions. The profound effect of light on the 
development of the HR has been observed previously 
(Sequeira, 1979), although the underlying mechanism 
remains to be determined. The dependence of the induction 
of SAR on the HR is further suggested by our observations 
that the hrpH mutant of Pss61, which produces but does 
not secrete HR elicttors (He et aL 1993), did not elicit the 
HR or induce SAR in cucumber, Furthermore, £ amylovora 
barpin, another HR elicitor which is structurally different 
from HrpZp ss and which elicited a strong HR in tobacco, 
did not induce an HR or SAR in cucumber plants {Strobel 
and He, unpublished observation). In conclusion, there 
appears to be a tight linkage between HR development 
and induction of SAR in plants by avirulent bacteria. 

The tight linkage between the HR and SAR suggests that 
the signaKs) for the induction of SAR by HrpZ Pss and R s. 
pv. syringae 61 likely comes from dying plant cells and/or 
cells immediately adjacent to the dying cells during the 
HR. What types of cell death would lead to the induction 
of SAR? It has been shown that the HR triggered by live 
bacteria (Keen et aL 1981), HrpZf^ (He et a/., 1993) or £ 
amylovora harpin {He et aL 1994) involves an active cell 
death pathway. Does this mean that only cells undergoing 
active ceil death give rise to signals for SAR? The answer 
to this is probably not simple. SAR and PR proteins can 



Table 4. Induction of systemic acquired resistance to P. syringae 
pv. lacrymans by HrpZ P!SS and C lagenarium 





Number of necrotic lesions* 


Treatment 


Inoculated by rubbing Inoculated by spraying 


Buffer 

HrpZpss 

C. lagenarium 


244,8±34.2 56.6±5.9 
168.5±24.5 13.82:1.7 
122.8±9.8 8.3±2.1 


s Mean ± SE of five replicate plants per treatment. 

Leaf 1 of young plants was infiltrated with treatments as described 

in the footnotes of Table 1. Leaf 5 was challenged by rubbing, or 



by spraying the abaxial leaf surface with a suspension of bacterial 
cells (ODeoo^O.2, 17 days after induction; or ODeoo^O.I, 11 days 
after induction, respectively}. Disease was allowed to develop 
for 7 or 13 days in rub-inoculated or spray-inoculated plants, 
respectively. 

efficacy against fungal, viral and bacterial pathogens and 
persistence {for at least 17 days, in the bacterial challenge 
experiments) of HrpZ Pss -induced SAR is comparable to that 
induced by the bacterium (PssSD that produces HrpZ Pss . 
The degree of SAR induced in cucumber by HrpZ Pss was 
also comparable to that induced by a well-studied bio- 
logical inducer of SAR, C. lagenarium (Kuc and Richmond, 
1977). The hrpH mutant of R s. pv, syringae, which is 
defective in the secretion of HrpZ Pss and other protein- 
aceous pathogenicity factors (He et aL 1993; Huang ef aL 
1992; Yuan et aL in preparation), failed to induce SAR in 
cucumber. The induced PR protein patterns were the same 
in cucumber plants treated with Pss61 and HrpZp ss , but 
were different from that in C. tagenari urn-treated plants. 
Moreover, the hrpH mutant, although unable to induce 
SAR, efficiently induced at least two well-characterized 
PR proteins, chitinase and peroxidase {Figure 2b). These 
results suggest that the biological induction of SAR and 
PR proteins by R s. pv. syringae 61 in the non-host plant, 
cucumber, is dependent on the production and secretion 
of proteinaceous elicitors of the HR, such as HrpZ Pss , but 
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PR-A 

PR-B 
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chitinasc 



Figure 2. PR protein accumulation in cucumber plants. 
PAGE (a) and PAGE coupled with activity staining (b) analyses of protein 
extracts from treated {lanes 1, 3, 5, 7 and 91 or systemic leaves (lanes 2, 4, 
6, 8, and 10K The treatments were buffer I fanes 1 and 2), C. lagenarium 
(fanes 3 and A), Pss61 {lanes 5 and 6), HrpZ Ps3f (lanes 7 and 8) and the hrpH 
mutant (lanes 9 and 10). PR -A, PR-B and PRC are tentative names for the 
three PR proteins observed in these experiments. The identities of these 
PR proteins are unknown. 

be induced not only by HR-eliciting avirulent pathogens, 
but also by necrosis-causing virulent pathogens. For 
example, P. s. pv. lacrymans and C, lagenarium can effici- 
ently induce SAR and/or PR proteins in the susceptible 
host plant, cucumber (Kuc and Richmond, 1977; Smith 
et al, 1991; this study). Unless cell death during the HR 
and some diseases shares the same biochemical processes, 
which is possible, the ability of both virulent and avirulent 
pathogens to induce SAR argues for multiple cell death 
pathways in the induction of SAR, On the other hand, not 
all types of plant cell death induce SAR. For example, 
cell death due to mechanical wounding or resulting from 
certain plant mutations does not induce SAR (Dietrich et ai, 
1994). It would be important in the future to learn why 
certain cell death processes, but not others, lead to SAR. 
Endogenous signaling molecules, such as salicylic acid 
and H 2 0 2 , have been shown or suggested to be involved 
in the induction of SAR (Chen et at., 1993; Gatfney et ai, 
1993; Malamy et a/., 1990; Metraux era/., 1990; Rasmussen 
era/., 1991). However, the mechanism(s) by which various 
biological inducers of SAR generate these signals and the 
identity of the actual systemic signaHs) translocated from 
the induced leaves to distant leaves remain to be deter- 



Table 5. Induction of systemic acquired resistance to TMV by 
HrpZ Pss and TMV 

Diameter of necrotic lesions 3 



Buffer 

HrpZp ss 

TMV 



4.41^:0.05 
3.05 ±0.03 
2,34 ±0.03 



a Mean £ SE of 100 lesions per treatment. 

The third and fourth true leaves of 6-week-old tobacco plants were 
inoculated with TMV (100-150 lesions per leaf), or infiltrated with 
120 pg ml" 1 harpin Pss or 5 rnM MgS0 4 at 10 sites (50 pi per site). 
Five days later the seventh and eighth true leaves were challenge- 
inoculated with TMV. The diameters of TMV lesions on the 
challenged leaves were recorded. 




pr-1 



rRNA 



Figure 3. induction of the pr 1 gene in tobacco leaves. 
Total RNA was isolated from systemic leaves (the ninth true leaves) of 
plants treated with buffer (lane 1), TMV (lane 2), or HrpZ Pss (lane 3) 5 days 
post- induct ion. A PCR-amplified internal fragment of the tobacco pr-1 gene 
was labeled with fet- 32 P|dATP and used as a probe. The largest rRNA 
species visualized after staining with ethidium bromide was used as 
a reference. 



mined. Also, it has not been unequivocally shown that cell 
death is necessary for the induction of SAR. 

It is interesting to observe that, although C. lagenarium {a 
necrotizing pathogen of cucumber), Pss61 {an HR-eliciting 
bacterium on cucumber) and HrpZ Pss (an HR-eliciting 
protein) all induced SAR in cucumber plants, there were 
some differences in the induction of PR proteins by these 
pathogens/protein. While C lagenarium, Pss61 andHrpZ Pss 
all induced PR-A, PR-B and PR-C in the inoculated leaves, 
only C. lagenarium induced PR-C in systemic leaves to a 
high level (visible on a PAGE gel). In contrast, PR-B was 
induced in systemic leaves to high levels only by HrpZ Pss 
and Pss61. The induction patterns of PR-A, PR-8, PR-C, 
chitinase, peroxidase and p-glucanase were the same for 
Pss81 and HrpZ Pss , suggesting that HrpZ Pss either is a 
major inducer of SAR in Pss61 or is representative of 
SAR inducers produced by Pss61. The differences in the 
induction of PR proteins by C. lagenarium and Pss6V 
HrpZ Pss may have resulted from different inducers pro- 
duced by C, lagenarium and Pss61/HrpZ Pss , respectively. 
Alternatively, the differences may reflect possible mechan- 
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istic differences of plant cell death resulting from the HR 
caused by Pss61 or HrpZ Pss and disease necrosis caused 
by C. lagenarium, respectively, although both types of cell 
death efficiently trigger SAR in cucumber. 

In this study, 80-160 pg ml 1 purified HrpZ Pss were used 
for induction of SAR. HrpZp ss at these concentrations 
consistently elicited both HR and SAR in cucumber and 
tobacco leaves. It is not known whether these concentra- 
tions are comparable to the in vivo amounts of HrpZ Pss 
secreted by Pss61. Nor is it known whether the relative 
activity of purified HrpZ Ps s is comparable to that of HrpZ Pss 
produced by Pss61 in planta. Previously, it was shown that 
Pss61 hrpZ mutants carrying transposon induced 
mutations in the hrpZ gene (complementation group XII) 
were defective in the elicitation of HR {Huang et aL, 1991) 
and SAR {data not shown). More recently, it was discovered 
that these transposon-induced hrpZm utations exert a polar 
effect on five downstream hrp genes ihrpB-F) in the hrpZ 
operon (Preston eta/,, 1995; Collrner, personal communica- 
tion). hrpB-F, like hrpH, are likely involved in the assembly 
of the Hrp secretion apparatus (Preston etaL, 1995). There- 
fore, current hrpZ mutations affect the expression of not 
only the hrpZ gene but also several other hrp genes that 
are involved in the secretion of HrpZ Pss and, most likely, 
other HR elicitors/pathogenicity factors. A non-polar hrpZ 
mutant is needed to assess the contribution of HrpZ Pss in 
the induction of HR and SAR. Recently, several additional 
proteins traversing the P syringae Hrp secretion pathway 
have been identified in R syringae pv. tomato (Yuan et a/., 
in preparation). It would be interesting to know whether 
some of these new Hrp-controlled R syringae extracellular 
proteins can elicit HR and/or SAR. 

Although the hrpH mutant of Pss61 failed to induce SAR 
in most experiments, it efficiently induced the accumulation 
of peroxidase and chitinase in all experiments (Figure 2b 
and data not shown). The induction of chitinase by hrp 
mutants was also observed by Jakobek and Lindgren 
(1993). These data suggest that induction of PR proteins is 
not necessarily a reflection of induction of SAR and that 
the accumulation of certain PR proteins may not contribute 
to resistance. In our experiments, only the accumulation 
of P-glucanase seemed to correlate with the SAR induced 
by both C. lagenarium and Pss61/HrpZ Pss in cucumber. 
None of the other identified PR proteins were present at 
high levels in systemic leaves of all cucumber plants that 
exhibited SAR. Whether p~glucanase is responsible for the 
resistance of the induced plants to C. lagenarium, TNV and 
R s. pv. lacrymans in cucumber remains to be investigated. 
The relationships between the PR-A, PR E, and PR C 
proteins with fi-giucanase, chitinase, or peroxidase are 
not known. 

The demonstration of HrpZ Pss as a proteinaceous inducer 
of SAR may have important practical implications for plant 
disease management. Crop plants could be genetically 



engineered with genes encoding proteinaceous HR/SAR 
inducers, such as HrpZ Pss , under the control of plant 
promoters inducible by virulent pathogens. If this approach 
were successful, the HR and SAR would be triggered in 
otherwise compatible interactions, limiting the disease 
development. 

Experimental procedures 

Growth of plants 

Cucumber \Cucumis sativus I.) plants were grown in plastic pots 
containing Prornix soil- A liquid fertilizer (Peter's 15-16-17, W. R, 
Grace and Co., Fogelsville, PA), containing 110 p.p.m. nitrogen, 
was supplied to the water, beginning when the first true leaf was 
fully open. Plants were grown in a glass greenhouse equipped 
with high-pressure sodium lights (with a photoperiod of 14 h) to 
supplement sunlight when necessary. 



Preparation of inocula 

HrpZp^ was purified by affinity chromatography from Escherichia 
colt DH5a(pSYH45). pSYH45 is a derivative of pOE30 (Qiagen, 
Inc.) expressing a hexahistidine-HrpZp^ (full- length) fusion 
protein. The first methionine residue of HrpZp^ was replaced 
by the following amino acid sequence in the fusion protein: 
MRGSHHHHHH. The fusion protein was purified according to the 
manufacturer's instructions. Imidazole (300 mm) was used to elute 
HrpZpss protein, followed by extensive dialysis (3000-fold) in 5 mM 
MgCI 2 at 4*C. The purity of HrpZpss fusion protein was estimated 
by SDS-PAGE analysis to be greater than 95%, The fusion protein 
at the concentration of 80 u.g ml" 1 elicited a strong HR in tobacco 
and cucumber leaves, while an identical preparation from 
DH5a(pGE30) (used as a control in the purification) did not elicit 
any visible response in the same leaves. 

Pseudomonas syringae strains were grown in King's B broth 
(King et at, 1954) overnight at 30°C. Bacterial suspensions were 
prepared in 5 mM Mg$0 4 * Spores of Colfetotrichum lagenarium 
were prepared as described previously (Kuc and Richmond, 1977). 
Tobacco necrosis virus inoculum was prepared by grinding cucum- 
ber leaves bearing necrotic local lesions in water (1g infected leaf 
tissue per 10 ml distilled water). 



Induction of SAR 

First true leaves (Leaf 1) of young cucumber plants (cv. 'Marketer') 
were treated with test agents by infiltration through their abaxial 
surfaces at 30 sites per leaf, with 10 u.1 per site delivered by a 
repeating pipettor. Treatments consisted of buffer (5 mM MgS0 4 ), 
HrpZpss (final concentration in buffer was 80-160 ug ml" 1 ), Pss61 
or hrpH (a final OD^^O^ in 5 mM MgS0 4 , equivalent to approxim- 
ately 2X10 8 cells ml* 1 ), or a spore suspension of C. lagenarium 
(7.5X10 4 spores mi" 1 ). 

For experiments involving tobacco (Nicotiana tabacum Samsun 
NN) plants, the third and fourth true leaves of 6-week-old plants 
were inoculated with TMV 1100-150 lesions per leaf) or infiltrated 
with 120 ng ml" 1 HrpZpss or 5 mM MgS0 4 . For TMV inoculation, 
adaxial leaf surfaces were dusted with carborundum and then 
rubbed with a cheesecloth pad moistened with a TMV suspension. 
For inoculation with HrpZp^ or 5 mM MgSO* 50 uJ solution was 
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pressured into each of 10 panels of a tobacco leaf using a 
needleless syringe. Five plants were used for each treatment. 



Assessment of SAR 

At 7-8 days after treatment of Leaf 1 with test agents, subsequently 
developed leaves {usually Leaf 2 and/or Leaf 3) were challenged 
with C. lagenarium, TNV or P $. pv. lacrymans. 

For fungal challenge, 20 sites per leaf received 10 jjiI droplets of 
a C, lagenarium spore suspension (1x10 s spores ml*" 1 ) placed on 
adaxial surfaces with a repeating pipettor. After inoculation, plants 
were held in darkened moist chambers for 24 h to facilitate 
penetration of leaves by the pathogen. Chambers were then 
gradually opened to allow plant adaptation to ambient conditions 
over a 12 h period, and plants were then returned to a greenhouse 
bench for an additional 6-7 days to allow disease development. 

For TNV challenge, adaxial leaf surfaces were dusted with 
carborundum and then rubbed with a cheesecloth pad moistened 
with a TNV suspension. Virus-inoculated plants were maintained 
on a greenhouse bench for 8-10 days to permit disease develop- 
ment. 

For assessment of SAR to the angular leaf spot bacterium, P. s. 
pv. lacrymans. Leaf 1 was infiltrated with buffer, C lagenarium, 
or HrpSlpss as described above, and Leaf 5 was challenged on the 
abaxial surface with the bacterium by spraying with a bacterial 
suspension (ODeoo-O.I) containing 0.02% Silwet L~77 t a surfactant, 
at 11 days post-induction or by rubbing with a cheesecloth pad 
saturated with a bacterial suspension (OD$oo~0.2) at 17 days after 
induction treatment. Spray-inoculated leaves were misted once 
and plants were then placed in a darkened moist chamber for 18 h, 
followed by a 12 h acclimation period. Plants were subsequently 
returned to the greenhouse bench. Rub-inoculated leaves were 
misted once with water and plants were kept on a greenhouse 
bench. Disease was allowed to develop for 7 days for rub- 
inoculated plants or 13 days for spray-inoculated plants. 

For evaluation of anthracnose development, the number and 
diameter of necrotic lesions caused by C. lagenarium were deter- 
mined, and the total necrotic area per leaf was calculated. The 
extent of disease caused by TNV or P. s. pv. lacrymans was 
evaluated by counting necrotic local lesions on entire inoculated 
leaves. 

For assessment of SAR to TMV, the seventh and eighth (rue 
leaves were challenge-inoculated with TMV (100-150 lesions per 
leaf) 5 days after induction. For each treatment the diameters of 
100 TMV lesions (from 10 leaves of five plants) were recorded. 



PR protein assay 

Tissues were collected from Leaf 1 and Leaf 2 during the 14 day 
period following induction of Leaf 1. The leaf tissues were rapidly 
frozen with dry ice and stored at -80°C. Protein extraction was 
based on the method previously described (Ji and Kuc, 1995). 
Frozen leaf tissues were homogenized at 0-4"C in 0.1 M sodium 
citrate buffer, pH 5,4, containing 0,1% (v/v) p-mercaptoethanol and 
0.1% (w/v) t-ascorbic acid. The homogenate was centrifuged at 
12 000 g for 30 min. The supernatant was decanted and dialyzed 
against two changes of water for 24 h and then against two 
changes of 0.05 M sodium acetate buffer (pH 5.0) for 2 h. The 
extract was centrifuged again at 10 000 g for 10 min. The super- 
natant was used as crude enzyme extract. Protein concentrations 
were measured using the Bio-Rad protein assay kit with bovine 
gamma globulin as standard. 



Determination of enzyme activities in cucumber leaves 

Protein patterns and peroxidase isozymes were analyzed after a 
single separation using a 15% (w/v) native-PAGE get (Pan et al t 
1989). Peroxidase activity was determined using guaiacol as 
substrate (Hammerschmidt et ah, 1982). p-1,3-glucanase and 
cbittnase activities were detected as described elsewhere (Ji and 
Kuc, 1995). 



Expression of pr-1 gene in tobacco leaves 

An internal fragment (from nt 304 to 535) of the tobacco pr-1 gene 
(Figure 1 in Cornelissen et ah, 1986) was amplified in a polymerase 
chain reaction (PCR) and labeled with !<x- 32 P]~dATP. Total RNA was 
purified from systemic leaves (the ninth true leaves} of tobacco 
plants 5 days post-induction. Ten micrograms of RNA from each 
treatment were fractionated in a 1,2% aga rose/formaldehyde gel 
and subsequently blotted to Immobilon-N membrane (Millipore). 
Hybridization was performed in a solution consisting of 6x$SC, 
2xDenhardt's reagent, 0.1% SDS and 10% dextran sulfate at 55°C. 
Washes were carried out in 0.2xSSC, 0.1% SDS at 60°C, 
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(57) ABSTRACT 

It is the object of the present invention to provide disease- 
resistant plants which have been transformed to cause an 
effective defense reaction, and methods for producing the 
same. 

The present invention provides expression cassettes com- 
prising a promoter capable of promoting a constitutive, 
inducible, or organ- or phase-specific gene expression, and 
a gene, under the control of said promoter, encoding an 
elicitor protein. 
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Fig. 2 Expression of harpin pss in tobacco and 
rice 
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Fig. 3 Formation of hypersensitive- 
response-like localized necrosis 
spots 
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DISEASE-RESISTANT PLANTS AND METHOD OF 
CONSTRUCTING THE SAME 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods for pro- 
ducing disease -resistant plants, gene expression cassettes for 
producing disease -resistant plants, and transgenic, disease- 
resistant plants produced by the method. 

BACKGROUND OF THE INVENTION 

[0002] Plant defense against pathogens differs in its 
mechanism from that observed in animals. For example, 
there is known in higher plants a hypersensitive response 
(HR) mechanism which involves a dynamic resistance reac- 
tion to pathogen invasion. When a pathogen invades a plant, 
plant cells at a site of invasion die in response, whereby 
pathogens are trapped locally. This reaction is known to be 
induced as a result of either an incompatible host-pathogen 
interaction or a non-host-pathogen interaction. Such cell 
suicide can be understood in terms of a localized, pro- 
grammed cell death (Dangl et al.: Plant Cell 8: 1973-1807 
(1996)). In addition to the mechanism involving HR, other 
defense reactions, including generation of active oxygen 
species, reinforcement of a cell wall, production of phytoal- 
exin and biosynthesis of defense-related proteins such as PR 
proteins, are also known (Hammond-Kosack and Jones: 
Plant Cell 8: 1773-1791 (1996)). Further, in addition to such 
localized defense responses, there is known to take place in 
many cases a defense reaction spreads whereby PR proteins 
accumulate also in non-infected parts of a plant, whereby 
resistance is imparted to the entire plant. This mechanism is 
referred to as systemic acquired resistance (SAR) and con- 
tinues for several weeks or longer. As a result, the entire 
plant is made resistant to secondary infection (Sticher et al.: 
Annu. Rev. Phytopathol. 35: 235-270 (1997)). 

[0003] A first reaction of a plant of switching on a highly 
organized defense reaction such as outlined above is the 
recognition by the plant of a molecule called an "elicitor" 
directly or indirectly produced by an invading pathogen. 
Additionally, complex signal cascades including the subse- 
quent rapid generation of active oxygen species and revers- 
ible protein phosphorylation are considered to be important 
as initial reactions of the defense response (Yang et al.: 
Genes Dev. 11: 1621-1639 (1997)). There are a wide variety 
of elicitors, including so-called nonspecific elicitors e.g. 
oligosaccharides which are products by degradation of cell 
wall components of many fungi including chitin/chitosan 
and glucan, or oligogalacturonic acids derived from a plant 
cell wall, variety-specific elicitors e.g. avirulence gene prod- 
ucts of pathogens such as AVR 9 (Avr gene products), and 
elicitors with an intermediate specificity such as elicitin 
(Boiler: Annu. Rev. Plant Physiol. Plant Mol. Biol. 46: 
189-214 (1995)). 

[0004] Harpin is a bacterium-derived protein elicitor 
which induces hypersensitive cell death in a non-host plant 
(Wei et al.: Science 257: 85-88 (1992), He et al.: Cell 73: 
1255-1266 (1993)). Harpin (harpin Ea ) has been purified as a 
first bacterium-derived HR-inducing protein from Erwinia 
amylovora Ea321, a pathogen of pear and apple, and 
Escherichia coli transformed with a cosmid containing the 
hrp gene cluster, and an hrpN gene encoding Harpin has 
been cloned (Wei et al.: Science 257: 85-88 (1992)). There- 



after, harping pss encoded by hrpZ gene has been identified 
and characterized from Pseudomonas syringae pv. syringae 
61, a pathogen of a bean, by screening an Escherichia coli 
expression library with an activity of inducing HR to a 
tobacco leaf as an index (He et al.: Cell 73: 1255-1266 
(1993), and Japanese Patent Application Domestic 
Announcement No. 1996-510127). The homology between 
these two harpins is low, and a relatively high homology is 
found only in 22 amino acids. Moreover, the role of a harpin 
in pathogenicity has not been made clear. In addition to 
these, as a third protein, PopAprotein (which PopAencodes) 
is identified from Pseudomonas solanacearum GMI1000, a 
pathogen of a tomato, as a protein inducing HR to a non-host 
tobacco (Arlat et al.: EMBO. J. 13: 543-553 (1994)). Though 
PopA gene is located on the outside of hrp cluster, differing 
from hrpN and hrpZ, they are identical in that they are under 
the control of an hrp regulon. The above three proteins are 
glycine-rich, heat stable proteins, induce HR to a non-host 
tobacco and are secreted extracellularly at least in vitro in a 
manner of depending upon hrp protein. In addition to these 
are reported HrpW protein from Pseudomonas syringae pv. 
tomato DC3000 as a protein having the same function 
(Charkowski et al.: J. Bacteriol. 180: 5211-5217 (1998)), 
hrpZ and hrpZ psg proteins as harpin^ homologues (Pre- 
ston et al.: Mol. Plant-Microbe. Interact. 8: 717-732 (1995)), 
and harpin Ech (Bauer et al.: Mol. Plant-Microbe. Interact. 8: 
484-491 (1995)) and hrpN Ecc protein (Cui et al.: Mol. 
Plant-Microbe. Interact. 9: 565-573 (1996)) as harpin Ea 
homologues. 

[0005] It has been made apparent from studies upon 
various metabolic inhibitors that the formation of localized 
necrosis spots with harpin is not so-called necrosis due to the 
cytotoxicity of harpin but a cell death resulting from a 
positive response on the plant side (He et al.: Mol. Plant- 
Microbe. Interact. 7: 289-292 (1994), and He et al.: Cell 73: 
1255-1266 (1993)), and this hypersensitive cell death is 
thought to be a type of programmed cell death (Desikan et 
al.: Biochem. J. 330: 115-120 (1998)). The addition of 
harpin into a cell culture of Arabidopsis induces a homo- 
logue of gp91-phox, a constituent of NADPH oxidase, 
which is thought to have an important role in the oxidative 
burst as an initial reaction of a disease -resistant reaction, (J. 
Exp. Bot. 49: 1767-1771 (1998)), and mitogen-activated 
protein (MAP) kinase (Desikan et al.: Planta. 210: 97-103 
(1999)). Moreover, a harpin can impart systemic acquired 
resistance (SAR) to a plant. For example, SAR meditated by 
salicylic acid and an NIM gene can be induced to an 
Arabidopsis plant by artificially injecting harpin Ea into the 
plant cells (Dong et al.: The Plant J. 20: 207-215 (1999)), 
and Harpin pss can induce SAR to a cucumber and impart a 
wide spectrum of resistance to fungi, viruses and bacteria 
(Strobel et al.: Plant J. 9: 431-439 (1996)). 

[0006] Thus, there are reports about artificially injecting or 
spraying purified harpin into a plant and analyzing the 
induction of a hypersensitive cell death and an acquired 
resistance reaction (Japanese Patent Application Domestic 
Announcement No. 1999-506938, Strobel et al.: Plant J. 9: 
431-439 (1996), and Dong et al.: The Plant J. 20: 207-215 
(1999)). However, there is no report about introducing a 
gene encoding an elicitor protein such as a harpin into a 
plant to produce a transgenic plant and analyzing it. 
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SUMMARY OF THE INVENTION 

[0007] It has been anticipated that, when a gene encoding 
an elicitor protein such as harpin is introduced into a plant, 
the plant will express an elicitor protein at a certain amount, 
even in a normal state with no pathogen, or that it will also 
express an elicitor protein in a certain amount in organs 
other than those invaded with a disease, and as a result, 
various unintended reactions occur to prevent the plant from 
growing normally. The object of the present invention is 
therefore to provide a disease-resistant transgenic plant 
which has been transformed to induce a proper defense 
reaction, and to provide a method for producing the same. 

[0008] The present inventors have engaged in studies 
assiduously, and as a result have found that a transgenic 
tobacco with hrpZ gene of Psedomonas syringae pv. syrin- 
gae LOB2-1 introduced thereinto induces hypersensitive - 
response-like localized necrosis spots in response to the 
inoculation of a powdery mildew fungi (Erysiphe cichora- 
cearum) to become resistant, which has led to the comple- 
tion of the present invention. Surprisingly, a plant grew 
normally when cell-death-inducing harpin was expressed 
with a constitutive promoter (cauliflower mosaic virus 35S 
RNA gene promoter) capable of promoting expression in 
cells of the whole body. In addition, a hypersensitive cell- 
death-like reaction was induced only after inoculation with 
a pathogen. Further, the present inventors have found that a 
transgenic rice with the same hrpZ gene introduced thereinto 
becomes blast (Magnaporthe grisea)-resistmt, thus showing 
the general-applicability of the present invention. 

[0009] The present invention provides a transgenic, dis- 
ease-resistant plant which has been transformed with an 
expression cassette comprising a promoter capable of pro- 
moting a constitutive, inducible, or organ- or phase-specific 
gene expression and a gene encoding an elicitor protein 
under the control of said promoter, wherein said plant is 
capable of effecting the constitutive, inducible, or organ- or 
phase-specific expression of the elicitor protein in an amount 
effective for inducing a defense reaction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 shows the constructs constructed and intro- 
duced into plants in the present invention. 

[0011] FIG. 2 is a photograph showing exemplary of the 
detection results using Western analysis for harpin^ accu- 
mulation in transgenic tobacco and rice of the T 0 generation. 
PC represents harpin pss expression in Escherichia coli as a 
control. 

[0012] FIG. 3 is a photograph showing the appearances of 
localized necrosis spots occurring in a transgenic tobacco of 
the T 1 generation. A: PALL-hrpZ-introduced individual (5th 
day after inoculation, harpin expression level: ++), B: 35S- 
hrpZ-introduced individual (7th day after inoculation, harpin 
expression level: ++) 

[0013] FIG. 4 is a photograph showing the resistance of a 
transgenic tobacco of the T ± generation against powdery 
mildew. (Right: 35S-hrpZ-introduced individual, harpin 
expression level: ++, Left: SRI as a control, 11th day after 
inoculation in both) 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0014] The present invention also provides methods for 
producing transgenic, disease-resistant plants capable of 



effecting the constitutive, inducible, or organ- or phase- 
specific expression of an elicitor protein in an amount 
effective for inducing a defense reaction. Such methods 
comprise the steps of: (a) obtaining transgenic plant cells 
with expression cassettes comprising a promoter capable of 
promoting a constitutive, inducible, or organ- or phase- 
specific gene expression and a gene encoding an elicitor 
protein under the control of said promoter; and (b) regen- 
erating a complete plant from said transgenic plant cell. 

[0015] The present invention also provides expression 
cassettes capable of being employed for producing a trans- 
genic, disease -resistant plants. Such expression cassettes 
comprise at least: (a) a promoter capable of promoting a 
constitutive, inducible, or organ- or phase-specific gene 
expression; and (b) a gene, under the control of said pro- 
moter, encoding an elicitor protein. "Elicitor" is a general 
term used for substances inducing defense reactions in 
plants, and including heavy metal ions, and cell wall com- 
ponents of pathogens or plants, in addition to proteins. The 
term "elicitor" as used in the present specification refers to 
a protein elicitor unless otherwise specified. 

[0016] The term "elicitor protein" as used in the present 
invention can be any protein capable of inducing a proper 
defense reaction in a plant to be transformed, and preferably 
a protein possessing a hypersensitive-response-inducing 
activity against pathogenic microorganisms. It includes 
harpin and a harpin-like protein having the same function as 
harpin. "Harpin" is a protein expected to be introduced into 
a plant in a manner of depending upon hrp gene though the 
Type III secretion mechanism, and includes, in addition to 
harpin pss , (He et al.: Cell 73: 1255-1266 (1993), and Japa- 
nese Patent Application Domestic Announcement[kohyo] 
No. 510127/96), harpin Ea (Wei et al.: Science 257: 85-88 
(1992), and Japanese Patent Application Domestic 
Announcement[kohyo]No. 506938/99), PopA (Arlat et al.: 
EMBO. J. 13: 543-553 (1994)), and hrpW protein 
(Charkowski et al.: J. Bacteriol. 180: 5211-5217 (1998). 
Additionally the protein possessing a hypersensitive-re- 
sponse-inducing activity can be, for example, (a) a protein 
consisting of the amino acid sequence of SEQ. ID No. 2; (b) 
a protein consisting of an amino acid sequence derived from 
the amino acid sequence of SEQ. ID No. 2 by deletion, 
substitution, addition or insertion of one or more amino 
acids, and possessing a hypersensitive-response-inducing 
activity; or (c) a protein consisting of an amino acid 
sequence being at least 50% (preferably at least 80%, more 
preferably at least 90%, and still more preferably at least 
97%) homologous to the amino acid sequence of SEQ. ID 
No. 2, and possessing a hypersensitive-response-inducing 
activity. A protein consisting of the amino acid of SEQ ID 
No. 2 is novel. Hence, the present invention provides one of 
the following proteins: (a) a protein consisting of the amino 
acid sequence of SEQ. ID No. 2; (b) a protein consisting of 
an amino acid sequence derived from the amino acid 
sequence of SEQ. ID No. 2 by deletion, substitution, addi- 
tion or insertion of one or more amino acids, and possessing 
a hypersensitive-response-inducing activity; and (c) a pro- 
tein consisting of an amino acid sequence being at least 97% 
homologous to the amino acid sequence of SEQ. ID No. 2, 
and possessing a hypersensitive-response-inducing activity 
(but known proteins themselves are excluded from the scope 
of the present invention). 
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[0017] By "Homology" referred to in connection with 
amino acid sequences in the present specification is meant a 
degree of identification of amino acid residues constituting 
each sequence between sequences to be compared. In 
homology, the existence of a gap(s) and the nature of an 
amino acid(s) are taken into consideration (Wilbur, Proc. 
Natl. Acad. Sci. USA 80: 726-730 (1983) and the like). To 
calculate homology, commercially available software such 
as BLAST (Altschul: J. Mol. Biol. 215: 403-410 (1990), and 
FASTA (Peasron: Methods in Enzymology 183: 63-69 
(1990)) can be employed. 

[0018] The description "deletion, substitution, addition or 
insertion of one or more amino acids" as used in the present 
specification in connection with an amino acid sequence in 
the means that a certain number of an amino acid(s) are 
substituted etc. by any well known technical method such as 
site-specific mutagenesis, or naturally. The number is, for 
example, up to ten, and is preferably from 3 to up to 5. 

[0019] A gene encoding an elicitor protein to be employed 
in the expression cassette of the present invention can easily 
be isolated by methods well-known to those skilled in the 
art. 

[0020] The gene encoding an elicitor protein can be, for 
example, (a) a DNA molecule consisting of the nucleotide 
sequence of SEQ. ID No. 1; (b) a DNA molecule consisting 
of a nucleotide sequence derived from the nucleotide 
sequence of SEQ. ID No. 1 by deletion, substitution, addi- 
tion or insertion of one or more nucleotides, and encoding a 
protein possessing a hypersensitive-response-inducing 
activity; (c) a DNA molecule consisting of a nucleotide 
sequence being hybridizable with a DNA molecule consist- 
ing of the nucleotide sequence complementary to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent conditions, 
and encoding a protein possessing a hypersensitive-re- 
sponse-inducing activity; or (d) a DNA molecule consisting 
of a nucleotide sequence being at least 50% (preferably at 
least 80%, more preferably at least 90%, and still more 
preferably at least 97%) homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein pos- 
sessing a hypersensitive-response-inducing activity. A DNA 
molecule consisting of the nucleotide sequence of SEQ ID 
No. 1 is novel. Hence, the present invention also provides a 
gene consisting of one of the following DNA molecules: (a) 
a DNA molecule consisting of the nucleotide sequence of 
SEQ. ID No. 1; (b) a DNA molecule consisting of a 
nucleotide sequence derived from the nucleotide sequence 
of SEQ. ID No. 1 by deletion, substitution, addition or 
insertion of one or more nucleotides, and encoding a protein 
possessing a hypersensitive-response-inducing activity; (c) a 
DNA molecule consisting of a nucleotide sequence being 
hybridizable with a DNA molecule consisting of the comple- 
mentary nucleotide sequence to the nucleotide sequence of 
SEQ. ID No. 1 under stringent conditions, and encoding a 
protein possessing a hypersensitive-response-inducing 
activity; or (d) a DNA molecule consisting of a nucleotide 
sequence being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein pos- 
sessing a hypersensitive-response-inducing activity (but 
known genes themselves such as hrpZ gene oiPseudomonas 
syringae pv. syringae 61 are excluded from the scope of the 
present invention). To calculate homology in connection 
with nucleotide sequences, commercially available software 
can be employed. 



[0021] By "deletion, substitution, addition or insertion of 
one or more nucleotides" in connection with a nucleotide 
sequence in the present specification is meant that a certain 
number of a nucleotide(s) are substituted etc. by a well- 
known technical method such as a site-specific mutagenesis 
or naturally. The number is, for example, up to ten, prefer- 
ably from 3 to up to 5. By "stringent conditions" referred to 
in the present specification is meant hybridization conditions 
wherein the temperature is at about 40° C. or above and that 
the salt concentration is of about 6xSSC (lxSSC=15 mM 
sodium citrate buffer; pH: 7.0; 0.15 M sodium chloride; 
0.1% SDS), preferably at about 50° C. or above, more 
preferably at about 65° C. or above. 

[0022] The promoter to be employed in the present inven- 
tion can be any promoter capable of functioning as a 
promoter for a gene encoding an elicitor protein in a plant to 
be transformed. In the present invention, a promoter capable 
of promoting a constitutive, inducible, or organ- or phase- 
specific gene expression can be employed. 

[0023] By "promoter promoting a constitutive gene 
expression (often referred to as a "constitutive promoter")" 
is meant a promoter whose organ specificity and/or phase 
specificity are (is) not high in connection with the transcrip- 
tion of the gene. Examples of the constitutive promoter 
include cauliflower mosaic virus 35S promoter, ubiquitin 
promoter (Cornejo et al.: Plant Mol. Biol. 23: 567-581 
(1993)), actin promoter (McElroy et al.: Plant Cell 2: 
163-171 (1990)), alpha tubulin promoter (Carpenter et al.: 
Plant Mol. Biol. 21: 937-942 (1993)) and Sc promoter 
(Schenk et al.: Plant Mol. Biol. 39: 1221-1230 (1999)). In a 
transgenic plant, the expression cassette promoting the con- 
stitutive expression of an elicitor protein includes, for 
example, a known promoter that is known as a constitutive 
promoter. 

[0024] By "promoter promoting an inducible gene expres- 
sion (often referred to as an "inducible promoter")" is meant 
a promoter which induces transcription by physical or 
chemical stimulation, such as light, disease, injury or contact 
with an elicitor. Examples of the inducible promoter include 
pea PAL promoter, Prpl promoter (Japanese Patent Appli- 
cation No. 1998-500312), hsr203J promoter (Pontier et al.: 
Plant J. 5: 507-521 (1994)), EAS4 promoter (Yin et al.: Plant 
Physiol. 115: 437-451 (1997)), PRlbl promoter (Tornero et 
al.: Mol. Plant Microbe. Interact. 10: 624-634 (1997)), tapl 
promoter (Mohan et al.: Plant Mol. Biol. 22: 475-490 
(1993)) and AoPRl promoter (Warner et al.: Plant J. 3: 
191-201 (1993)). In a transgenic plant, the expression cas- 
sette promoting an inducible elicitor protein expression 
includes, for example, a known promoter known as an 
inducible promoter. 

[0025] By "promoter promoting an organ-specific gene 
expression (often referred to as an "organ-specific pro- 
moter")" is meant a promoter giving, to the transcription of 
the gene, a specificity to an organ, such as a leaf, a root, a 
stem, a flower, a stamen and a pistil. Examples of the 
organ-specific promoter include a promoter promoting a 
high gene expression in green tissues of a photosynthesis- 
related gene, such as PPDK (Matsuoka et al.: Proc. Natl. 
Acad. Sci. USA 90: 9586-9590 (1993)), PEPC (Yanagisawa 
and Izui: J. Biochem. 106: 982-987 (1989) and Matsuoka et 
al.: Plant J. 6: 311-319 (1994)) and Rubisco (Matsuoka et al.: 
Plant J. 6: 311-319 (1994)). In a transgenic plant, the 
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expression cassette promoting an organ-specific elicitor pro- 
tein expression includes, for example, a known promoter 
that is known as an organ-specific promoter. 

[0026] By "promoter promoting a phase-specific gene 
expression (often referred to as a "phase-specific pro- 
moter")" is meant a promoter giving, to the transcription of 
the gene, a phase specificity to a phase, such as a initial, 
middle and later growth phase. Examples of the phase- 
specific promoter include a promoter functioning specifi- 
cally in aged leaves such as SAG12 promoter (Gan and 
Amashino: Science 270: 1986-1988 (1985)). 

[0027] Vectors for sub-cloning each DNA fragment as a 
component of the expression cassette of the present inven- 
tion can be simply prepared by connecting an intended gene 
into a vector for recombination (plasmid DNA) available in 
the art by any common technique. Specific examples of 
suitable vectors include plasmids derived from Escherichia 
coli, such as pBluescript, pUC18, pUC19 and pBR322, but 
are not limited only to these plasmids. 

[0028] As a vector for introducing the expression cassette 
of the present invention into a plant to be transformed, a 
vector for transforming plants can be used. The vectors for 
plants are not particularly limited, so far as they are capable 
of expressing the concerned gene and producing the con- 
cerned protein in a plant cell, and examples thereof include 
pBI221, pBI121 (both being manufactured by Clontech) and 
vectors derived therefrom. In addition, for the transforma- 
tion of a monocotyledonous plant in particular, there can be 
exemplified pIG121Hm, pTOK233 (both by Hiei et al.: 
Plant J. 6: 271-282 (1994)), pSB424 (Komari et al.: Plant J. 
10: 165-174 (1996)), superbinary vector pSB21 and vectors 
derived therefrom. A recombination vector having the 
expression cassette of the present invention can be con- 
structed by introducing a gene encoding an elicitor protein 
into any of these known vectors (if required, a promoter 
region being recombined) by a procedure known well to 
those skilled in the art. For example, a recombinant vector 
having an expression cassette comprising a constitutive 
promoter and hrpZ gene can be constructed by integrating 
hrpZ gene into superbinary vector pSB21. A recombinant 
vector having an expression cassette comprising an induc- 
ible promoter and hrpZ gene can be constructed by remov- 
ing the existing promoter from the above recombinant vector 
and integrating an inducible promoter in place. 

[0029] A plant-transforming vector preferably comprises 
at least a promoter, a translation initiator codon, a desired 
gene (a DNA sequence of the invention of the present 
application or a part thereof), a translation termination codon 
and a terminator. Moreover, it may comprise a DNA mol- 
ecule encoding a signal peptide, an enhancer sequence, a 
non-translation region on the 5' side and the 3' side of the 
desired gene and a selection marker region as appropriate. 
Examples of marker genes include antibiotic-resistant genes 
such as tetracyclin, ampicillin, kanamycin or neomycin, 
hygromycin or spectinomycin; and genes such as luciferase, 
p-galactosidase, p-glucuronidase(GUS), green fluorescence 
protein (GFP), p-lactamase and chloramphenicol acetyl 
transferase (CAT). 

[0030] As methods for introducing a gene into a plant can 
be mentioned a method employing an agrobacterium 
(Horsch et al.: Science 227: 129 (1985), Hiei et al.: Plant J. 
6: 271282 (1994)), a leaf disc method (Horsch et al.: Science 



227: 1229-1231 (1985), an electroporation method (Fromm 
et al.: Nature 319: 791 (1986)), a PEG method (Paszkowski 
et al.: EMBO. J. 3: 2717 (1984)), a micro -injection method 
(Crossway et al.: Mol. Gen. Genet. 202: 179 (1986)) and a 
minute substance collision method (McCabe et al.: Bio/ 
Technology 6: 923 (1988)), but any method for introducing 
a gene into a desired plant may be employed without any 
particular limitation. Of these methods for transfection, a 
method comprising transferring a vector into an agrobacte- 
rium by mating and then infecting a plant with the agrobac- 
terium is preferred. Methods for infection is also well- 
known to those skilled in the art. Examples include a method 
comprising damaging a plant tissue and infecting it with a 
bacterium; a method comprising infecting an embryo tissue 
(including an immature embryo) of a plant with the bacte- 
rium; a method comprising infecting with a callus; a method 
comprising co-culturing protoplasts and the bacterium; and 
a method comprising culturing a fragment of a leaf tissue 
together with the bacterium (leaf disc method). 

[0031] Successfully transformed cells can be selected 
from other cells by employing an appropriate marker as an 
index or examining the expression of a desired trait. The 
transformed cell can further be differentiated employing a 
conventional technique to obtain a desired transgenic plant. 

[0032] Analysis of the resultant transformant can be per- 
formed by employing various methods that are well-known 
to those skilled in the art. For example, oligonucleotide 
primers can be synthesized according to the DNA sequence 
of the introduced gene, and the chromosome DNA of the 
transgenic plant can be analyzed by PCR employing the 
primers. In addition, the analysis can be performed on the 
basis of the existence of mRNA corresponding to the intro- 
duced gene and the existence of the protein expression. 
Moreover, the analysis can be performed on the basis of the 
appearance of the plant (for example, in the case of trans- 
formation with a gene encoding a protein capable of induc- 
ing localized necrosis spots, the presence of localized necro- 
sis spots, or the size, number and the like of the localized 
necrosis spots), disease resistance (for example, the exist- 
ence of resistance or its degree upon contacting the plant 
with a pathogen) and the like. 

[0033] In the transgenic plant of the present invention, a 
constitutive, inducible, or organ- or phase-specific expres- 
sion of an elicitor protein in an amount effective for inducing 
a defense reaction can be achieved. The amount effective for 
inducing a defense reaction is such an amount that the 
expressed elicitor protein can induce at least a localized 
defense-related reaction (for example, induction of a hyper- 
sensitive cell death (localized necrosis)) to the plant. Pref- 
erably, the amount is such that the defense reaction extends 
to the whole body of the plant, and as a result, the whole 
plant becomes resistant (systemic acquired disease -resis- 
tant). Moreover, preferably, the amount is not so large that 
causes death of the localized tissue having the necrosis spots 
as a result of the localized necrosis spots becoming too large. 

[0034] Moreover, in the transgenic plant of the present 
invention, an elicitor protein is preferably expressed in an 
amount which, while being effective for inducing a defense 
reaction in response to stimulation such as the invasion of a 
pathogen, does not, under normal conditions, remarkably 
prevent the growth of the plant due to the negligible or low 
expression, if any. For example, in the case of employing 



US 2004/0073970 Al 



5 



Apr. 15, 2004 



harpin pss as an elicitor protein, usually no harpin^ is 
expressed, or is expressed only in an amount that does not 
allow localized necrosis spots to cause the death of the 
organ, and preferably it is expressed in an amount that 
induces a hypersensitive response at the time of the invasion 
of a pathogen. Further, it is preferably expressed in such an 
amount that, even if a pathogen invades to cause harpin^ to 
accumulate, localized necrosis spots are hardly observable 
by the naked eye, but the whole body acquires a systemic 
disease-resistannce . 

[0035] In order to induce such a proper defense reaction, 
for example, a promoter capable of promoting an inducible 
gene expression is employed. Hence, in one embodiment of 
the present invention, an inducible promoter and a harpin 
gene are combined. 

[0036] In addition, a proper defense reaction can be 
accomplished not only in the case of employing an inducible 
promoter but also in the case of employing a constitutive 
promoter. Hence, in another embodiment of the present 
invention, a constitutive promoter and a harpin gene are used 
in combination. In this embodiment, as a mechanism of the 
occurrence of a proper defense reaction, it is considered that 
an elicitor protein, for example, harpin pss , is recognized at 
the outside of cell membranes or on the cell wall of plant 
cells, and hence, harpin pss accumulating in cytoplasm is not 
recognized by plant cells until degradation of cells occurs 
due to invasion of fungus, and as a result, the hypersensitive 
response appears after the inoculation of the pathogen or it 
is deduced that there exists a further factor which is related 
to the inoculation of a pathogen in the mechanism of the 
occurrence of the elicitor activity of harpin pss . 

[0037] The transgenic plants of the present invention 
include a transgenic, powdery mildew-resistant tobacco 
which has been transformed with an expression cassette 
comprising a constitutive or inducible promoter and a gene, 
under the control of said promoter, encoding an elicitor 
protein such as harpin pss , or a transgenic, blast-resistant rice 
which has been transformed with an expression cassette 
comprising a constitutive promoter and a gene, under the 
control of the promoter, encoding an elicitor protein such as 
harpin pss . 

[0038] It is thought that the present invention can be 
applied to plants other than rice and tobacco described in the 
examples to be described later. Examples of such plants 
include, as crops, wheat, barley, rye, corn, sugar cane, 
sorghum, cotton, sunflower, peanut, tomato, potato, sweet 
potato, pea, soybean, azuki bean, lettuce, cabbage, cauli- 
flower, broccoli, turnip, radish, spinach, onion, carrot, egg- 
plant, pumpkin, cucumber, apple, pear, melon, strawberry 
and burdock; and, as ornamental plants, arabidopsis 
thaliana, petunia, chrysanthemum, carnation, saintpaulia and 
zinnia. The "transgenic plants" referred to in the present 
invention include not only transgenic plants (To generation) 
obtained by obtaining a transgenic plant cell according to the 
method of the present invention and regenerating, from said 
plant cell, a complete plant, but also later-generation (T 1 
generation and the like) plants obtained from said transgenic 
plants so far as the disease-resistant trait is contained. In 
addition, the "plants" referred to in the present invention 
include, unless otherwise spcified, in addition to plants 
(individuals), seeds (including germinated seeds and imma- 
ture seeds), organs or parts thereof (including a leaf, a root, 



a stem, a flower, a stamen, a pistil and pieces thereof), a plant 
culture cell, a callus and a protoplast. 

[0039] The diseases analyzed in the following examples 
are tobacco powdery mildew and rice blast, but as other 
diseases of tobacco there can be mentioned wildfire, bacte- 
rial wilt and TMV; and as other diseases of rice there can be 
mentioned sheath blight disease and bacterial leaf blight 
disease. According to the method for producing a disease- 
resistant plant of the present invention, it is possible to 
impart resistance in plants to these diseases. 

EXAMPLES 

Example 1 

Cloning of HrpZ Gene 

[0040] A pair of primers for amplifying the open leading 
frame of hrpZ gene were synthesized in reference to the 
nucleotide sequence of the reported hrpZ gene of Pseudomo- 
nas syringae pv. syringae 61 (He et al.: Cell 73: 1255-1266 
(1993)), and Japanese Patent Application Domestic 
Announcement[Kohyo] No. 1996-510127): 



Hrpl: AAA ATC TAG AAT GCA GAG TCT CAG TCT TAA 
Hrp2: AAA AGT CGA CTC AGG CTG CAG CCT GAT TGC 

[0041] Employing these primers, PCR was performed 
with a DNA molecule of a cosmid clone containing an hrp 
cluster derived from Pseudomonas syringae pv. syringae 
LOB2-1 (a casual agent for bacterial blight of lilac) (Inoue 
and Takikawa: J. Gen. Plant Pathol. 66: 238-241 (2000)) as 
a template. PCR was performed under the following condi- 
tions: the amount of a reaction solution: 20>1; each primer: 
0.5 /iM; dNTP: 0.2 mM; lxExTaq buffer; ExTaq DNA 
polymerase (from Takara Shuzo): 1U; once at 95° C. for 5 
minutes, then 30 cycles at 94° C. for 30 seconds, at 60° C. 
for 30 seconds and at 72° C. for 2 minutes, and once at 72° 
C. for 10 minutes. The PCR product was ligated to a vector 
pCR2.1 (from Invitrogen) using Takara ligation kit (from 
Takara Shuzo) and transformed into an Escherichia coli TBI 
strain. As a result of determining the entire nucleotide 
sequence of the PCR product, it consisted of 1029 bp in the 
length, longer than the reported hrpZ gene (He et al.: Cell 
73:1255-1266(1993)) by three bases (one amino acid), and 
showed a homogoly of 96.7% in nucleotides and a homol- 
ogy of 96.5% in amino acids. The reason that the nucleotide 
sequences are not completely the same is thought to be due 
to a variation among the pathover. The nucleotide sequence 
of the cloned hrpZ gene is shown in SEQ. ID No. 1 and the 
deduced amino acid sequence obtained therefrom is shown 
in SEQ. ID No. 2, respectively. 

Example 2 

Expression in an Escherichia coli and Production 
of an Antibody 

[0042] The above plasmid with an hrpZ gene integrated 
into pCR2.1 was digested with restriction enzymes BamHI 
and Sail, and was subjected to electrophoresis on 0.7% 
agarose to separate a fragment of about 1.1 kb. This frag- 
ment was ligated to an expression vector pQE31 (from 
QIAGEN) digested with the same enzymes and transformed 
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into Eschrichia coli M15 strain. The thus obtained Eschri- 
chia coli was cultured in an LB medium in the presence of 
1 mM of IPTG at 37° C, harpin pss was accumulated as 
insoluble fraction. Since this protein showed poor adsorp- 
tion to a nickel resin adsorbent, the purification of harpin pss 
was conducted in the following procedure. The Eschrichia 
coli M15 strain having the pQE31 vector with the hrpZ gene 
integrated thereinto was cultured in 2 ml of an LB medium 
containing 100 mg/1 of ampicillin and 25 mg/1 of kanamycin 
at 37° C. overnight, and transferred into 250 ml of the LB 
medium and cultured for about three hours; then 1 mM of 
IPTG was added thereto and the culture was further con- 
ducted at 37° C. for 4 hours. Cells were collected by 
centrifugation, the insoluble fraction was dissolved in 4 ml 
of an eluation buffer (8 M urea, 0.1 M sodium dihydrogen 
phosphate, 0.01 M Tris, pH 8.0), and a supernatant liquid 
was obtained by centrifugation and subjected to electro- 
phoresis on a 12.5% acrylamide gel containing 0.1% SDS, 
and then stained with Coomassie Brilliant Blue to cut a band 
appearing at around 40 kDa. The gel was cut into small 
pieces, and an elution buffer (1% SDS, 0.02 M Tris HC1, pH 
of 8.0) was added thereto in an amount ten times the volume 
of the gel, and shaken for three days. The supernatant was 
transfered to a dialysis membrane with a cut off molecular 
weight of 6,000 to 8,000, and the dialysis was conducted 
with 80% acetone as an external liquid once for 4 hours and 
once overnight. The whole content in the dialysis tube was 
moved into an Eppendorf tube, subjected to centrifugation to 
discard the supernatant, and the pellet was dried to obtain a 
purified harpin pss preparation. 3 mg of the purified harpin pss 
was sent to Sawady Technology for the production of an 
antibody (anti-rabbit harpin pss serum). 

Example 3 

Construction of a Gene and Transformation of a 
Plant 

[0043] The hrpZ gene integrated into pCR2.1 was excised 
from the vector by digestion with restriction enzymes Xbal 
and SacI (from Takara Shuzo). On the other hand, superbi- 
nary vector pSB21 (35S-GUS-NOS, Komari et al.: Plant J. 
10: 165174 (1996)) was digested with the same enzymes to 
remove the GUS gene, and the hrpZ gene was integrated 
thereinto. According to the above procedure, a construct 
named 35S-hrpZ (35S promoter-hrpZ gene-NOS termina- 
tor) was constructed. The cauliflower mosaic virus 35S 
promoter is a promoter capable of constitutively promoting 
a high expression, and it is anticipated that rice and tobacco 
transformed with this construct will accumulate harpin pss , 
the hrpZ gene product, in the whole body. 

[0044] pSB21 was digested with restriction enzymes Hin- 
dlll and Xbal to remove the 35S promoter, and a 0.9 kb 
fragment of corn PPDK promoter (Taniguchi et al.: Plant 
Cell Physiol. 41: 42-48 (2000)) was integrated thereinto. 
The resulting plasmid was digested with Xbal and SacI to 
remove the GUS gene, and then the above -described hrpZ 
Xbal-SacI fragment was inserted thereinto. Thus, PPDK- 
hrpZ (PPDK promoter-hrpZ gene-NOS terminator) was 
constructed. The corn PPDK promoter is a promoter capable 
of promoting a strong expression in photosynthesis organs 
such as mesophyl cells (Taniguchi et al.: Plant Cell Physiol. 
41: 42-48 (2000)), and it is anticipated that rice plants 
transformed with this construct will accumulate harpin pss , 
the hrpZ gene product, in green organs (leaves). 



[0045] PAL promoter was cloned as below. Plasmid DNA 
was extracted from agrobacterium LBA4404 strain (gifted 
from Prof. Shiraishi of Okayama University) having a 
construct containing PSPAL1 (PSPAL1 promoter-GUS 
gene-NOS terminator) (Yamada et al.: Plant Cell Physiol. 
35: 917-926 (1994), and Kawamata et al.: Plant Cell Physiol. 
38: 792-803 (1997)). On the other hand, a reverse primer and 
two forward primers were designed on the basis of the 
nucleotide sequence of the reported PSPAL1 promoter 
(Patent: JP 1993153978-A 1 22-Jun.-1993; TAKASAGO 
INTERNATL. CORP.): 

PALRVXba : 

GGG GTC TAG AAT TGA TAC TAA AGT AAC TAA TG 
PALFFHin : 

TTG GAA GCT TAG AGA TCA TTA CGA AAT TAA GG 
PALFSHin: 

CTA AAA GCT TGG TCA TGC ATG GTT GCT TC 

[0046] A promoter region (PAL-S) of about 0.45 kb in the 
upstream of the starting point of translation (about 0.35 kb 
at the upstream of the initiation point of transcription) was 
amplified by the combination of PALRVXba and PALF- 
SHin, and a promoter region (PAL-L) of about 1.5 kb by the 
combination of PALRVXba and PALFFHin. The above- 
mentioned agrobacteruium plasmid DNA was used as a 
template and PCR was conducted with these primers. The 
reaction conditions of PCR were as below: reaction solution: 
50 /il; each primer: 0.5 /iM, dNTP: 0.2 mM; lxExTAq 
buffer, ExTAq DNA polymerase (from Takara Shuzo): 1U; 
and the reaction was conducted once at 94° C. for three 
minutes, then 30 cycles at 94° C. for one minute, at 50° C. 
for one minute and at 72° C. for two minutes, and once at 72° 
C. for 6 minutes. A PCR product was cloned to vector 
pCRll (from Invitrogen). 

[0047] Since the PsPALl promoter had a Hinlll site at the 
upstream 142 bp from the starting point of translation, 
PAL-S was digested completely with restriction enzyme 
Xbal and then partially with Hindlll to obtain a 0.45 kb of 
fragment from pCRll. The above mentioned pSB21 was 
digested with Hindlll and Xbal to remove the 35S promoter, 
and PAL-S was integrated thereinto. In the pSB21 vector 
employed here the unique PvuII site existing in the basic 
structure had been removed, and, instead, a PvuII linker had 
been placed at the unique ECOR1 site (just after the Nos 
terminator). The plasmid with PAL-S integrated thereinto 
was further digested with Xbal and SacI to remove the GUS 
gene, and then the above mentioned 1.1 kb hrpZ Xbal-Sacll 
fragment was inserted therein. PALS-hrpZ was constructed 
according to the above procedure. Next, PAL-L integrated 
into pCRll was digested with restriction enzymes Xhol and 
Xbal to take out a 1.45 kb PAL promoter, which was 
integrated into vector pSBll (Komari et al.: Plant J. 10: 
165-174 (1996)) co-digested with the same enzymes. The 
formed plasmid was digested with Xbal and Smal, and an 
Xbal -PvuII fragment of PALS-hrpZ (hrpZ-NOS terminator) 
was inserted therein. In this manner, PALL-hrpZ was pro- 
duced. The PAL promoter promotes a low-level expression 
constitutively, but it is a promoter strongly induced with a 
pathogen and an injury (Yamada et al.: Plant Cell Physiol. 
35: 917-926 (1994), and Kawamata et al.: Plant Cell Physiol. 
38: 792-803 (1997)), and it is anticipated that a tobacco plant 
transformed with PALS-hrpZ or PALL-hrpZ accumulates 
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more harpin^ at the place of stress when these stresses 
occur. In this case, it is anticipated that more harpin^ will 
accumulate in the case of PALL relative to the case of PALS. 

[0048] According to the tri-parental mating system, of 
Escherichia coli LB392 strain containing the thus produced 
four constructs 35S-hrpZ, PALS-hrpZ, PALS-hrpZ and 
PALL-hrpZ (summarized in FIG. 1), agrobacterium 
LBA4404 strain containing a vector pSB4U with a selection 
marker gene integrated thereinto (corn ubiquitin promoter- 
hygromycin-resistant gene (hptll)-NOS terminator) and 
Escherichia coli HB101 containing a helper plasmid 
pRK2013, the hrpZ gene containing construct was intro- 
duced into an agrobacterium utilizing homologous recom- 
bination. 

[0049] The transformation of a tobacco was performed by 
the leaf disc method (Horsch et al.: Science 227: 1229-1231 
(1985)). A leaf of tobacco variety SRI grown in a green- 
house was sterilized by treatment with ethanol for 30 
seconds and with antiformin diluted 5 times for 5 minutes, 
and after it was cleaned with sterilized water twice, it was 
cut into one -centimeter squares, and an agrobacterium sus- 
pension was inoculated thereto. The concentrations of 
hygromycin at the time of induction and selection of a 
transfected shoot and at the time of rooting were 50 or 100 
mg/ml and 0 or 50 mg/ml, respectively. For the transforma- 
tion of rice, immature-embryo-derived cali of varieties of 
paddy rice, Tsukinohikari, and Koshihikari were trans- 
formed employing agrobacterium according to the method 
of Hiei et al.: Plant J. 6: 271-282 (1994). 

Example 4 

Analysis of Transformants 
[0050] (1) Transgenic Tobacco 

[0051] 15 individuals of the re-generated plant were 
obtained from 35S-hrpZ, 10 individuals were from PALS- 
hrpZ and 16 individuals were from PALL-hrpZ. There was 
observed no remarkable difference between the constructs in 
transformation efficiency. Western analysis was performed 
on the primary generation (To) of the transformant, and 
Western analysis and disease assays were performed on the 
self-pollinated next generation (T a ). 

[0052] 1) Western Analysis of T 0 Generation 

[0053] 2x2 cm of a leaf of a transgenic tobacco of the 4 or 
5 leaf stage and 2x2 cm of a leaf of a non-transgenic tobaco 
(SRI) were pulverized in 0.1 M HEPES-KOH pH 7.6 buffer 
in a mortar. The supernatant liquid after centrifugation with 
15000 g for 10 minutes was made a protein sample. The 
amount of the protein was determined with a Bio-Rad 
Protein Assay kit (from BIO-RAD). About 20 jug of the 
protein was fractioned by the SDS-PAGE method according 
to the method of Laemmni et al. (Nature 227: 680-685 
(1970)), on 12.5% PAGEL (from ATTO). After electro- 
phoresis, the protein bands on the gel were transferred to a 
PVDF membrane (from Millipore). The PVDF membrane 
was placed in a lxTBS buffer containing 0.5% skim milk for 
30 minutes, and shaken in the same buffer containing 1/1000 
(v/v) of anti-harpinp SS serum at room temperature overnight. 
As a secondary antibody was employed an anti-goat rabbit 
IgG peroxidase labeled conjugate (from MBL) or an anti- 
goat rabbit IgG alkaline phosphatase conjugate (from BIO- 



RAD) at the concentration of 1/1000 (v/v). As color devel- 
opment systems were employed HRP Color Development 
Reagent (from BIO-RAD), alkaline phosphatase substrate 
kit II (from Vector Laboratories). The amounts of the protein 
expressed were calculated by comparison with the color 
development of the harpin^ sample of a known concentra- 
tion, by using a densitometer (model GS-670, from BIO- 
RAD). Some of the results of the Western analysis of the T 0 
generation is shown in FIG. 2, and the whole results are 
summarized in Table 1. 

[0054] The expression level is shown in four stages (+++, 
++, +, -), which show 0.1% or more of the total soluble 
proteins (+++), 0.05 to 0.1% (++), 0.05% or less (+) and 
below the detection limitation (-) in the amount of expres- 
sion, respectively. This is true also in Tables 2, 3 and 4 to be 
described later. 

TABLE 1 



Results of the Western Analysis of the Tobacco T n Generation 
Number of 



Construct 


re-generated 
individuals 


Express: 


ion 


level of Harpin r 






+ 


++ 


+++ b 


PALS-hrpZ 


10 


1 


8 


1 


0 


PALL-hrpZ 


16 


2 


10 


4 


0 


35S-hrpZ 


15 


6 


2 


1 


6 


SRI 




3 


0 


0 


0 



a Each numerical value shows the number of individuals showing each 
expression level. 

'The expression level of harpirLp SS is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 
-: below the detection limitation). 



[0055] In the case of the constructs having a PAL pro- 
moter, the accumulation of harpin pss was detected in 80% or 
more of individuals. As anticipated, PALL had a larger 
proportion of high-expression individuals (++) than PALS. 
On the other hand, in the case of the construct having a 35S 
promoter, though no accumulation of harpin pss was detected 
in 6 individuals of the 15 individuals, high-expression 
individuals were obtained in 7 individuals, near half of the 
total individuals. Besides, a very high expression (+++) was 
shown in 6 individuals. Interestingly, no morphological 
change was observed in the organ of any of a leaf, a stem, 
a root or a flower of these high-expression individuals, and 
seed fertility was normal in almost all of them. 

[0056] 2) Western Analysis of the T ± Generation and 
Disease Resistance Assay 

[0057] Reaction to powdery mildew fungus (Erysiphe 
dehor acearum) was analized in about 8 lines of KH1-2 
(PALS-hrpZ), KC6-7 (PALL-hrpZ), KC8-1 (PALL-hrpZ), 
KK1-1 (35S-hrpZ), KK3-8 (35S-hrpZ), KK4-2 (35S-hrpZ), 
KK4-3 (35ShrpZ), KK7-6 (35S-hrpZ), in which the amount 
of harpinp SS accumulated was high in the T 0 generation. 

[0058] Tobacco individuals in which harpin^ was accu- 
mulated at a high level in the T 0 generation were selected, 
and seeds of self-pollinated next generation (T 2 ) thereof 
were obtained. The seeds were sowed and observed for 
about two months, but no visual morphological change was 
observed for this period; they grew normally in the same 
manner as the To generation, and no hypersensitive response 
was observed on the surface of a leaf. Then, powdery 
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mildew fungi were sprayed to inoculate upon the T ± gen- 
eration of the transgenic tobacco of the 4 or 5 leaf stage and 
a disease resistance assay was performed. About 2 L of a 
suspension of powdery mildew fungi spores (1.4x106 
spores/ml) was spray-inoculated to 244 recombinants and 41 
original individuals. As a result, hypersensitive-response- 
like localized necrosis spots were induced onto a lower leaf 
of the recombinant 4 or 5 days after inoculation (FIG. 3A, 
B). Surprisingly, not only in the case of the PAL-hrpZ 
constructs but also in the case of the 35S-hrpZ constructs 
employing a constitutive promoter, specific localized necro- 
sis spots were induced after the pathogen infection (FIG. 
3B). The expression frequency of localized necrosis spots on 
the 5th day after the inoculation was about 5% in the 
non-transformants, but the frequency was from 6 to 14 times 
grater in the 35S-hrpZ construct (30 to 71%), from 4 to 5 
times greater in the PAL-hrpZ constructs (20 to 27%) (Table 
2), and thereafter, in the case of the PAL-hrpZ constructs, the 
number of local necrosis spots gradually increased. This was 
assumed to be due to the response of the PsPALl promoter 
to Erysiphe cichoracearum. Though the amount of harpin pss 
accumulated and the degree of the formation of localized 
necrosis spots tended to be positively correlative (Table 3), 
there were some exceptional transformants in which no 
accumulation of harpin^ was detected at least in our West- 
ern analysis but localized necrosis spots occurred. 

[0059] Next, in order to examine whether the localized 
necrosis spots having occurred after the powdery mildew 
infection were related to disease resistance, the symptom of 
powdery mildew on the 11th day after the inoculation 
thereof was examined. As a result, while there existed no 
individual in which the spread of powdery mildew hyphae 
was prevented in the non-transformants, from 15 to 57% 
individuals in the case of 35S-hrpZ constructs and from 13 
to 18% individuals in the case of PAL-hrpZ constructs 
showed apparently less significant symptom as compared to 
the non-transformants (FIG. 4, Table 2). The prevenstion of 
that the spread of powdery mildew was observed not only in 
leaves with localized necrosis spots but also in middle or 
upper leaves with no localized necrosis spots, and this is 
thought to be due to systemic acquired resistance (SAR). As 



a result of observing the hyphae of powdery mildew by 
cotton blue dyeing, the hyphae of powdery mildew extended 
sharply and spread around the surface in infested leaves of 
the SRI of the original line as a control, whereas, though 
haustorium is formed on the surface of a leaf in the trans- 
formants, the spreading of hyphae was prevented and 
stopped halfway. The promoters employed in the present 
studies are 35S promoter (constitutive) and PAL promoter 
(inducible); and it was found that when 35S promoter was 
employed instead of PAL promoter, the frequency of local- 
ized necrosis spots was higher, and it was further found that 
at least according to examination on the 11th day after 
inoculation, more individuals with a strong disease resis- 
tance were obtained (Table 2). However, it was observed 
that, in the case of employing the 35S promoter, the local- 
ized necrosis spots formed in response to the pathogen 
became larger (occupying 10% or more of the leaf area) in 
some individuals, and as a result, lower leaves died out. In 
addition, inversely, in some individuals with harpin^ accu- 
mulated therein, localized necrosis spots were not observ- 
able by the naked eye (Table 2), but some of such individuals 
had resistance to powdery mildew (of individuals with - of 
localized necrosis spots in Table 2, individuals of the num- 
ber in parentheses; the amount of harpin pss expressed is ++ 
in all). This is thought to be probably due to the occurrence 
of a hypersensitive response in very small range, and it is 
possible that a disease -resistant plant with a high practica- 
bility can be obtained by the selection of such individuals. 
According to the fact that no localized necrosis spot 
occurred without the invasion of the pathogen even in the 
case where the transription of hrpZ gene was controlled with 
a constitutive promoter, it is possible to deduce that, since 
harpin was recognized on the outside of a transmembrane 
or cell wall of plant cells, probably harpin pss accumulated in 
cytoplasm was not recognized for plant cells till the degra- 
dation of cells due to the invasion of the fungi, and as a 
result, it caused a hypersensitive response after the inocu- 
lation of the pathogen. Another possibility may be that the 
elicitor activity of harpin pss requires the existence of some 
other factors derived from the pathogen or the plant, induced 
by the inoculation of the pathogen. 



TABLE 2 



Relationship among the Amount of harpin pss Accumulated, the Formation of 
Localized Necrosis Spots and Disease Resistance of the Tobacco T 1 Generation 



Line Name 



Construct 



Expression level 
(To) 



Number of 
individuals analyzed (TJ 



KH1-2 


PALS-hrpZ 


++ 


18 


KC6-7 


PALL-hrpZ 


++ 


43 


KC8-1 


PALL-hrpZ 


++ 


44 


KK1-1 


35S-hrpZ 


+++ 


23 


KK3-8 


35S-hrpZ 


+++ 


33 


KK4-2 


35S-hrpZ 


++ 


35 


KK4-3 


35S-hrpZ 


+++ 


7 


KK7-6 


35S-hrpZ 


+++ 


41 


SRI 


(control) 




41 
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TABLE 2-continued 



Relationship among the Amount of harpin pss Accumulated, the Formation of 
Localized Necrosis Spots and Disease Resistance of the Tobacco T 1 Generation 



Number of individuals with 

localized necrosis spots 
(Number of individuals with 



Rate of individuals 
with localized 
necrosis spots 



Rate of individuals 
with less progress 
of disease spots 





less 


progress 


of disease spots) 


(5th day after 


(11th day after 


Line Name 


+++ 


++ 


+ 




inoculation) 


inoculation) 


KH1-2(PALS) 


0 


0 


5(3) 


13(0) 


27% 


16% 


KC6-7(PALL) 


0 


1(1) 


8(6) 


34(1) 


20% 


18% 


KC8-1(PALL) 


0 


1(0) 


11(5) 


32(1) 


27% 


13% 


KK1-1(35S) 


0 


0 


7(3) 


16(1) 


30% 


17% 


KK3-8(35S) 


0 


2(0) 


11(5) 


20(0) 


39% 


15% 


KK4-2(35S) 


1(1) 


4(3) 


15(6) 


15(0) 


57% 


28% 


KK4-3(35S) 


0 


3(3) 


2(1) 


2(0) 


71% 


57% 


KK7-6(35S) 


1(1) 


4(4) 


18(4) 


18(1) 


56% 


24% 


SRI (control) 


0 


0 


2(0) 


39(0) 


5% 


0% 



a The degree of localized necrosis spots is shown in four stages (+++: very high, ++: high, 
+: low, -: nil). 



[0060] 



TABLE 3 



Relationship between the Expression level of Harpin pss and the Number 
of Localized Necrosis Spots in the Tobacco T-, Generation 



Expression level 
of harpirLp SS a 



Incidence of 
localized 



Degree of localized necrosis spots 1 



(Western analysis) 


+++ 


++ 


+ 




spots 


+++ 


1 


4 


19 


19 


56% 


++ 


0 


5 


32 


77 


32% 


+ 


1 


6 


18 


38 


40% 




0 


1 


5 


18 


25% 


SRI 


0 


0 


2 


39 


5% 



a The expression level of harpin^ is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 
-: below the detection limit) (SRI, -). 

b The degree of localized necrosis spots is shown in four stages (+++: great 
many, ++: many, +: few, -: nil). 

[0061] (2) Transgenic Rice 

[0062] 1) Western Analysis of the T 0 Generation 

[0063] Harpin pss was introduced into a rice variety, Tsuki- 
nohikari. 35 individuals of the regenerated plant were 
obtained from the 35S-hrpZ construct, and 26 individuals of 
the regenerated plant were obtained from the PPDK-hrpZ 
construct. There was observed no remarkable difference 
between the constructs in transformation efficiency. Western 
analysis was performed on the primary generation (T 0 ) of 
the transformation and individuals with a high expression 
were selected. 

[0064] Protein was extracted from the regenerated trans- 
genic rice (Tsukinohikari) in the same manner as in the 
example of the tobacco and subjected to Western analysis. 
The results of Western analysis of the T 0 generation are 
shown in Table 4. 



TABLE 4 



Results of the Western Analysis of the T 0 Generation of Rice 
(Tsukinohikari) 

Number of regenerated Expression level of harpin^ 



Construct 


individuals 




+ 


++ 


+++ b 


35S-hrpZ 


35 


17 


5 


13 


0 


PPDK-hrpZ 


26 


9 


13 


4 


0 



a Each numerical value shows the number of individuals showing each 
expression level. 

'The Expression level of harpin^ is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 
-: below the detection limit). 



[0065] In the case of the rice (Tsukinohikari), similar to 
the case of the tobacco, individuals with a high-expression 
of harpin pss were obtained (see also FIG. 2). In the case of 
a construct having a 35S promoter, the accumulation of 
harpin was detected in about half of the individuals, and the 
rate of high-expression individuals (++) was about one-third 
or more of the whole. Also, in the case of a PPDK promoter 
the accumulation of harpin^ was detected in about two- 
thirds of the individuals, and of them, 4 individuals showed 
a high expression. Interestingly, no morphological change 
was observed in the organ of any of a leaf, a root or a flower 
of these high-expression individuals. And seed fertility was 
normal in almost all of them, and T ± seeds of high-expres- 
sion individuals could be obtained. 

[0066] 2) Western Analysis of the T 0 Generation and the 
Disease Resistance Assay of the T ± Generation 

[0067] Next, harpin pss was introduced into Koshihikari, 
one of the most important varieties of rice of Japan. The 
results of the Western analysis of the T 0 generation are 
shown in Table 5. 
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TABLE 5 



Results of the Western Analysis of the T 0 Generation of Rice 
(Koshihikari) 

Number of regenerated Expression level of harpin^ 

Construct individuals - + ++ +++ b 



35S-hrpZ 78 18 33 21 6 

PPDK-hrpZ 27 7 13 7 0 



a Each numerical value shows the number of individuals showing each 
expression level. 

b The expression level of harpinp SS is shown in four stages (+++: amount of 
accumulation of 0.5% or more to the total soluble leaf proteins, ++: 
amount of accumulation of from 0.1 to 0.5%, +: amount of accumulation 
of from 0.01 to 0.1%, -: below the detection limit). 

[0068] Of the individuals of the T 0 generation with the 
35ShrpZ construct introduced thereinto, four individuals 



house were set at 25° C. under light conditions for 16 hours, 
and at 22° C. under dark conditions for 8 hours. The 
evaluation of disease resistance was performed by visually 
counting the number of progressive disease spots on the 5th 
leaf at 6th day after the inoculation, said leaf being the 
topmost development leaf at the time of inoculation. Sig- 
nificant differences among the results were evaluated 
according to the Mann-Whitney U test. 

[0069] As a result, though no localized necrosis spot due 
to the inoculation of the blast fungi was observed, the 
average number of progressive disease spots was reduced by 
24 to 38% relative to the control Koshihikari in three lines 
(hrp5-8, hrp42-9, hrp23-5) out of the four lines of the 
harpin pss -introduced rice. Moreover, this reduction was sta- 
tistically significant (Table 6). The above results show that 
the disease resistance of rice could be increased by the 
introduction of harpin pss . 



TABLE 6 



Results of the Disease Test against Rice Blast of the Four Lines of Harpin pss - 
Intorduced Rice (T 1 Generation) 



Strain 


Number of 

tested 
individuals 


Number of average 
progressive disease spots 3 
(standard error) 


Significant Test b 


hrp5-8 


16 


9.3 (±1.0) 


significant 








(significance level 1%) 


hrp23-5 


21 


11.4 (±1.3) 


significant 








(significance level 5%) 


hrp24-l 


20 


14.4 (±1.4) 


No significant difference 


hrp42-9 


14 


9.4 (±1.4) 


significant 








(significance level 1%) 


Koshihikari 


64 


15.0 (±0.7) 





a Results of the 5th leaf on the 6th day after inoculation 
Significant difference to Koshihikari in the Mann-Whitney U test 



showning a large amount (+++ in Table 5) of the accumu- 
lation of harpin pss (hrp5-8, hrp23-5, hrp24-l, hrp429) were 
selected, and their vulnerability to rice blast in the T ± 
generation was examined. The seed fertility of the selected 
four high-expression individuals was normal, and many 
self-fertilized seeds could be obtained. T ± seeds were sowed 
in a seedling case with culture soil in a manner of 8 seedsx2 
rows, cultivated in a greenhouse, and subjected to a disease 
assay at the 4.8 to 5.2 leaf stage. As a rice blast fungus 
(Magneporthe grisea) was employed race 007. For inocu- 
lation, a conidium formed by culturing the blast fungi on an 
oatmeal sucrose agar medium at 28° C. under dark condition 
and then, after the spread of the fungi, at 25° C, irradiating 
near ultraviolet light for three days was employed. The 
inoculation of the blast fungi was performed by spray- 
inoculating 30 ml of a suspension adjusted to 1.5xl0 5 
condia/ml in 0.02% Tween 20 per three seedling cases. The 
spray-inoculated rice was held in a moistening incubator 
(SLPH-550-RDS, manufactured by Nippon Medical & 
Chemical Instruments Co. Ltd.) for 24 hours after the 
inoculation at 25° C. at a humidity of 100%, and then 
transferred into the greenhouse. The conditions of the green- 



[0070] As a result of the present invention, it has become 
apparent for the first time that disease resistance can be 
imparted to a plant by connecting a gene enconding harpin 
to a constitutive promoter or an inducible promoter and 
introducing the gene into the plant. This harpinin-introduced 
plant is thought to be useful for explicating the function of 
harpin as a protein elicitor, and also for explicating the 
mechanism of localized or systemic acquired resistance. In 
addition, it is revealed that the production of a harpin- 
introduced resistant plant, which has been thought to be 
difficult without the use of an inducible promoter, can 
sufficiently be realized by employing a constitutive pro- 
moter, and the extension of the application range of the 
present approach can be shown. The present invention 
shows that a method for producing a disease-resistant plant 
by integrating a DNA sequence encoding a harpin into an 
expression cassette comprising a sequence of an appropriate 
constitutive, or organ- or phase-specific promoter capable of 
functioning in a plant cell, or a promoter induced with stress 
or pests, and a sequence of a terminator capable of func- 
tioning in a plant cell, and introducing it into the plant cell 
to obtain a regenerated individual is a useful and effective 
approach in view of genetic engineering. 
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SEQUENCE LISTING 



<160> NUMBER OF SEQ ID NOS : 7 

<210> SEQ ID NO 1 
<211> LENGTH: 1029 
<212> TYPE: DNA 

<2 13> ORGANISM : Pseudomonas syringae pv. syringae LOB2-1 
<400> SEQUENCE: 1 

atg cag agt etc agt ctt aac age age teg ctg caa acc ccg gca atg 
Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
15 10 15 

gec ctt gtc ctg gta cgt cct gaa acc gag acg act ggc gec agt acg 
Ala Leu Val Leu Val Arg Pro Glu Thr Glu Thr Thr Gly Ala Ser Thr 
20 25 30 

teg age aag gcg ctt cag gaa gtt gtc gtg aag ctg gec gag gaa ctg 
Ser Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu 
35 40 45 

atg cgc aat ggt caa etc gac gac age teg cca ttg ggc aaa ctg ctg 
Met Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu 
50 55 60 

gec aag teg atg gec gcg gat ggc aag gca ggc ggc ggt ate gag gat 
Ala Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp 
65 70 75 80 

gtc ate get gcg ctg gac aag ctg att cat gaa aag ctg ggt gac aac 
Val lie Ala Ala Leu Asp Lys Leu lie His Glu Lys Leu Gly Asp Asn 
85 90 95 

ttc ggc gcg tct gcg gac aac gec teg ggt acc gga cag cag gac ctg 
Phe Gly Ala Ser Ala Asp Asn Ala Ser Gly Thr Gly Gin Gin Asp Leu 
100 105 110 

atg act cag gtg etc agt ggc ctg gec aag tct atg etc gat gat ctt 
Met Thr Gin Val Leu Ser Gly Leu Ala Lys Ser Met Leu Asp Asp Leu 
115 120 125 

ctg acc aag cag gat ggc ggg gca age ttc tec gaa gac gat atg ccg 
Leu Thr Lys Gin Asp Gly Gly Ala Ser Phe Ser Glu Asp Asp Met Pro 
130 135 140 

atg ctg aac aag ate gcg cag ttc atg gat gac aat ccc gca cag ttt 
Met Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe 
145 150 155 160 

ccc aag ccg gac teg ggt tec tgg gtg aac gaa etc aag gaa gac aac 
Pro Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn 
165 170 175 

ttc ctt gat ggc gac gaa acg get gcg ttc cgc teg gca etc gac ate 
Phe Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp lie 
180 185 190 

att ggc cag caa ctg ggt aat cag cag agt ggc get ggc ggt ctg gcg 
lie Gly Gin Gin Leu Gly Asn Gin Gin Ser Gly Ala Gly Gly Leu Ala 
195 200 205 

ggg acg ggt gga ggt ctg ggc act ccg age agt ttt tct aac aac teg 
Gly Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser 
210 215 220 

tec gtg acg ggt gat ccg ctg ate gac gec aat acc ggt ccc ggt gac 
Ser Val Thr Gly Asp Pro Leu lie Asp Ala Asn Thr Gly Pro Gly Asp 
225 230 235 240 



age ggc aat age agt ggt gag gcg ggg caa ctg ate ggc gag ctt ate 
Ser Gly Asn Ser Ser Gly Glu Ala Gly Gin Leu lie Gly Glu Leu lie 
245 250 255 



768 
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gac cgt ggc ctg caa teg gta ttg gec ggt ggt gga ctg ggc aca ccc 816 
Asp Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro 
260 265 270 

gta aac acc ccg cag acc ggt acg gcg gcg aat ggc gga cag tec get 86 4 

Val Asn Thr Pro Gin Thr Gly Thr Ala Ala Asn Gly Gly Gin Ser Ala 
275 280 285 

cag gat ctt gac cag ttg ctg ggc ggc ttg ctg etc aag ggc ctt gaa 912 
Gin Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu 
290 295 300 

gcg acg etc aag gat gee ggt caa acc get acc gac gtg cag teg age 960 
Ala Thr Leu Lys Asp Ala Gly Gin Thr Ala Thr Asp Val Gin Ser Ser 
305 310 315 320 

get gcg caa ate gee acc ttg ctg gtc agt acg ctg ctg caa ggc acc 100 8 

Ala Ala Gin lie Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr 
325 330 335 

cgc aat caggctgcagcctga 1029 
Arg Asn Gin Ala Ala Ala 
340 



<210> SEQ ID NO 2 
<211> LENGTH: 342 
<212> TYPE: prt 

<2 13> ORGANISM : Pseudomonas syringae pv. syringae LOB2-1 
<400> SEQUENCE: 2 

Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
15 10 15 

Ala Leu Val Leu Val Arg Pro Glu Thr Glu Thr Thr Gly Ala Ser Thr 
20 25 30 

Ser Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu 
35 40 45 

Met Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu 
50 55 60 

Ala Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp 
65 70 75 80 

Val lie Ala Ala Leu Asp Lys Leu lie His Glu Lys Leu Gly Asp Asn 
85 90 95 

Phe Gly Ala Ser Ala Asp Asn Ala Ser Gly Thr Gly Gin Gin Asp Leu 
100 105 110 

Met Thr Gin Val Leu Ser Gly Leu Ala Lys Ser Met Leu Asp Asp Leu 
115 120 125 

Leu Thr Lys Gin Asp Gly Gly Ala Ser Phe Ser Glu Asp Asp Met Pro 
130 135 140 

Met Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe 
145 150 155 160 

Pro Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn 
165 170 175 

Phe Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp lie 
180 185 190 

lie Gly Gin Gin Leu Gly Asn Gin Gin Ser Gly Ala Gly Gly Leu Ala 
195 200 205 

Gly Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser 
210 215 220 



Ser Val Thr Gly Asp Pro Leu lie Asp Ala Asn Thr Gly Pro Gly Asp 
225 230 235 240 
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-continued 



Ser Gly Asn Ser 



Asp Arg Gly Leu 
260 

Val Asn Thr Pro 
275 

Gin Asp Leu Asp 
290 

Ala Thr Leu Lys 
305 

Ala Ala Gin He 



Ser Gly Glu Ala 
245 

Gin Ser Val Leu 



Gin Thr Gly Thr 
280 

Gin Leu Leu Gly 
295 

Asp Ala Gly Gin 
310 

Ala Thr Leu Leu 
325 



Gly Gin Leu He 
250 

Ala Gly Gly Gly 
265 

Ala Ala Asn Gly 



Gly Leu Leu Leu 
300 

Thr Ala Thr Asp 
315 

Val Ser Thr Leu 
330 



Gly Glu Leu He 
255 

Leu Gly Thr Pro 
270 

Gly Gin Ser Ala 
285 

Lys Gly Leu Glu 



Val Gin Ser Ser 
320 

Leu Gin Gly Thr 
335 



Arg Asn Gin Ala Ala Ala 
340 



<210> SEQ ID NO 3 

<211> LENGTH: 30 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from Pseudomonas 
syringae pv . Syringae 6 1 

<400> SEQUENCE: 3 

aaaatctaga atgcagagtc tcagtcttaa 3 0 



<210> SEQ ID NO 4 

<211> LENGTH: 30 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from Pseudomonas 
syringae pv . Syringae 6 1 

<400> SEQUENCE: 4 

aaaagtcgac tcaggctgca gcctgattgc 3 0 



<210> SEQ ID NO 5 

<211> LENGTH: 32 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PSPAL1 promoter 

<400> SEQUENCE: 5 

ggggtctaga att gat acta aagtaactaa tg 32 



<210> SEQ ID NO 6 
<211> LENGTH: 32 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PSPAL1 promoter 

<400> SEQUENCE: 6 

ttggaagctt agagatcatt acgaaattaa gg 32 



<210> SEQ ID NO 7 
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-continued 



<211> LENGTH: 29 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PSPAL1 promoter 

<400> SEQUENCE: 7 

ctaaaagctt ggtcatgcat ggttgcttc 2 9 



1. A transgenic, disease -resistant plant which has been 
transformed with an expression cassette comprising: 

a promoter capable of promoting a constitutive, inducible, 
or organ- or phase-specific gene expression; and 

a gene, under the control of said promoter, encoding an 
elicitor protein; 

wherein said plant is capable of effecting the constitutive, 
inducible, or organ- or phase-specific expression of the 
elicitor protein in an amount effective for inducing a 
defense reaction. 

2. A transgenic, disease -resistant plant as claimed in claim 

1, wherein said promoter capable of promoting a constitu- 
tive, inducible, or organ- or phase-specific gene expression 
and said gene, under the control of said promoter, encoding 
an elicitor protein, are integrated into the genome. 

3. A transgenic, disease -resistant plant as claimed in claim 
1 or 2, wherein said elicitor protein is a protein possessing 
a hypersensitive-response-inducing activity against disease 
microorganisms. 

4. A transgenic, disease -resistant plant as claimed in claim 
3, wherein said protein possessing a hypersensitive-re- 
sponse-inducing activity is selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive - 
response -inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 50% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

5. A transgenic, disease -resistant plant as claimed in claim 

2, wherein said gene encoding an elicitor protein is selected 
from: 

(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
derived from the nucleotide sequence of SEQ. ID No. 
1 by deletion, substitution, addition or insertion of one 
or more nucleotides, and encoding a protein possessing 
a hypersensitive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 



conditions, and encoding a protein possessing a hyper- 
sensitive-response-inducing activity; and 

(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensitive-response-inducing activity. 

6. A method for producing a transgenic, disease -resistant 
plant capable of effecting a constitutive, inducible, or organ- 
or phase-specific expression of an elicitor protein in an 
amount effective for inducing a defense reaction, comprising 
the steps of: 

(a) obtaining a transgenic plant cell with an expression 
cassette comprising a promoter capable of promoting a 
constitutive, inducible, or organ- or phase-specific gene 
expression and a gene, under the control of said pro- 
moter, encoding an elicitor protein; and 

(b) reconstructing, from said transgenic plant cell, a 
complete plant. 

7. An expression cassette for producing a transgenic, 
disease -resistant plant capable of effecting a constitutive, 
inducible, or organ- or phase-specific expression of an 
elicitor protein in an amount effective for inducing a defense 
reaction, comprising at least: 

(a) a promoter capable of promoting a constitutive, induc- 
ible, or organ- or phase-specific gene expression; and 

(b) a gene, under the control of said promoter, encoding 
the elicitor protein. 

8. An expression cassette as claimed in claim 7, wherein 
said elicitor protein is a protein possessing a hypersensitive- 
response -inducing activity against disease microorganisms. 

9. An expression cassette as claimed in claim 8, wherein 
said protein possessing a hypersensitive-response-inducing 
activity is selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive- 
response-inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 50% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

10. An expression cassette as claimed in claim 7, wherein 
said gene encoding an elicitor protein is selected from: 
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(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
derived from the nucleotide sequence of SEQ. ID No. 
1 by deletion, substitution, addition or insertion of one 
or more nucleotides, and encoding a protein possessing 
a hypersensitive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 
conditions, and encoding a protein possessing a hyper- 
sensitive-response-inducing activity; and 

(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensitive-response-inducing activity. 

11. An expression cassette as claimed in any one of claims 
7-10 for producing a transgenic, systemic acquired disease- 
resistant plant. 

12. An expression cassette as claimed in any one of claims 
7-11, wherein said elicitor protein is expressed specifically 
at the time of infection of disease microorganisms in an 
amount effective for inducing a defense reaction. 

13. An expression cassette as claimed in claim 12, com- 
prising a constitutive, or organ- or phase-specific promoter. 

14. A recombinant vector carrying an expression cassette 
as claimed in any one of claims 7-13. 

15. A gene consisting of a DNA molecule selected from: 

(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
derived from the nucleotide sequence of SEQ. ID No. 
1 by deletion, substitution, addition or insertion of one 
or more nucleotides, and encoding a protein possessing 
a hypersensitive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 
conditions, and encoding a protein possessing a hyper- 
sensitive-response-inducing activity; and 



(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensitive-response-inducing activity. 

16. A gene encoding a protein selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive- 
response-inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 97% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

17. A protein selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive- 
response-inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 97% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

18. A transgenic, disease-resistant plant as claimed in any 
one of claims 1-5, which has been transformed with an 
expression cassette comprising a constitutive or inducible 
promoter; 

wherein said plant is a transgenic, powdery mildew- 
resistant tobacco. 

19. A transgenic, disease-resistant plant as claimed in any 
one of claims 1-5, which has been transformed with an 
expression cassette comprising a constitutive promoter; 

wherein said plant is a transgenic, blast-resistant rice. 
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Abstract 

When the secreted bacterial protein ChiA is expressed in transgenic tobacco, a fraction of the protein 
^ yco" lated td secreted from the plant cells; however most of the protein remams tnstde the cefc 
if test d wnete the efficiency of secretion could be improved by replacing the bactenal signal sequence 
^^Sgaal sequence. We found the signal sequence and the first two ammo acids of the : PR b 
p oteL attached to the ChiA mature protein directs complete glycosylate and secretion of the Ch A 
from plS cells Glycosyiation of this protein is not required for its efficient secretin from plant cells. 



Introduction 

In eukaryotes most secreted proteins have been 
shown to possess a signal sequence of approxi- 
mately thirty amino acids at the N-terminus, 
which when recognized by the appropriate cellu- 
lar machinery leads to the translocation of the 
protein across the membrane of the endoplasmic 
reticulum [15]. Signal sequences show little 
homology at the amino acid level but do share 
common features including positive charge at the 
toino-tenninus, an internal stretch of hydro- 
phobic amino acids, and a polar carboxy-terminal 
region which contains the cleavage site [22], 
These features are conserved in the eukaryotic 
prokaryotic kingdoms with some signal se- 
fences across kingdom boundaries [20, 24]. 



We have shown previously that when the 
Serratia marcescens chiA gene (which codes for a 
secreted protein, ChiA) is expressed in tobacco 
cells, a fraction of the expressed protein is mod- 
ified' bv the attachment of complex glycans and 
secreted from plant cells [12]. In this paper, we 
describe experiments directed towards improving 
secretion of ChiA by plant cells. We have tested 
whether secretion depends upon the presence of 
a N-terminal signal sequence and if replacement 
of the signal sequence of ChiA with that of the 
tobacco PRlb protein increases secretion of the 
ChiA protein by plant cells. The secretion of 
mutated forms of ChiA lacking the consensus 
sequence for N-linked glycosyiation was also in- 
vestigated . 



i 
j 
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Materials and methods 

Piasmid construction 

The pChiA plant transformation series deriva- 
tives were ail prepared in the binary piasmid 
pJJ2964. This piasmid contains T-DNA carrying 
an nptll gene driven by the nos promoter (to en- 
able selection of transformed tissue on kanamy- 
cin), and unique Bam HI and Hindlll cloning 
sites. Manipulations on the chiA gene were car- 
ried out with it cloned in the vector pUC118 as 
a fragment containing the cauliflower mosaic virus 
(CaMV) 35S promoter followed by a leader from 
the petunia Cab22L gene [6], upstream from the 
complete chiA gene from Serratia marcescens. 
Downstream from the chiA gene is a fragment 
carrying the polyadenylation signals from the 
Agrobacterium tumefaciens nopaline synthase 
(nos) gene. The chiA gene had the following mod- 
ifications to its sequence [7]: (1) a novel Nco I site 
at position + 1; (2) a novel Sma I site at position 
78; (3) the Sma I site present in the native se- 
quence at position 951 has been removed, Oligo- 
nucleotide-directed mutagenesis was used to 
make all these changes. The novel Nco I site 
changes the second amino acid in the signal pep- 
tide from Arg to Ala; the other changes have no 
effect on the protein sequence. 

To construct the piasmid pChiA, the fig/ II- 
HindlYl fragment from the pUCHS derivative 
described above was ligated into Bam HI- 
Hind Ill-cut pJJ2964, The piasmid pChiA-M was 
constructed following oligonucleotide loop-out 
mutagenesis of the chiA gene cloned in pUC118, 
which removed all the codons of the ChiA signal 
sequence (amino acids 2 to 23) except for the 
initiator methionine. The Bg! ll-Hind III fragment 
carrying the modified chiA gene and the plant 
expression signals was then ligated into pJJ2964 
as described for pChiA to form pChiA-M. 

The piasmid pPRSSChiA was constructed by 
synthesizing the codons for the PRlb signal 
sequence plus the first two amino acids of the 
mature PRlb protein as two complementary oligo- 
nucleotides, with a half Nco I site at the 5' end 
and a half Sma I site at the 3' end. This was 



ligated into the Nco I and Sma I sites at the 5' en( j 
of the chiA gene. pPRSSChiA was then con- 
structed by ligating the Bgl ll-Hind III fragment 
into pJJ2964, as described above for the other 
pCMA plasmids. 

To remove the glycosylatioa sites from the 
ChiA protein, the codons for amino acids at p 0 - 
tential N-glycosylation sites (Asn-X-Ser/Thr) 
were identified on the DNA sequence, then 
oligonucleotide-directed mutagenesis was used to 
change the codon for the third amino acid in each 
site to alanine. All manipulations were carried out 
on the chiA gene cloned in pUCHS and all 
changes were verified by DNA sequence analysis. 
The plasmids pChiA-O and pPRSSChiA-G were 
then constructed; these are identical to pChiA 
and pPRSSChiA except that both contain all four 
of the site-directed mutations that remove the four 
consensus glycosylation sites. 



Plant cell tissue culture 

Plant transformations, establishment, mainte- 
nance and sampling of suspension cultures, and 
protoplast preparations were as described [12]. 
All plant transformations were carried out using 
Nicotiana tabacum cv. SRL 



Protein extraction and measurement 

Protein extractions, electrophoresis and immuno- 
blotting of protein extracts were all carried out a! 
described [ 12], except that immunoblots were de 
veloped using an alkaline phosphatase conjugate 
in place of the horseradish peroxidase conjugate 
The buffer used for making protein extracts for %t 
and enzyme analysis contained 84 mM sodiun 
citrate. 32 mM sodium phosphate, 6 mM ascor 
bic acid, and 14 mM ^-mercaptoethanol, pH 5.5 



Nucleic acid analysis 

DNA manipulations were carried out as d* 
scribed [13] or according to enzyme supplier: 
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i0S tructioos. RNA extraction from leaf tissue and 

* nrimer extension analysis for the quantification of 
' Lady-state RNA and confirmation of transcnp- 

* on start sites was carried out as described [6]. 

* Olkonucleotide-directed mutagenesis was by the 
Method of Kunkel [111; all changes were con- 
^firmed by DNA sequence analysis as described 
C Sanger et al. { 17]. Oligonucleotide primers for 
> mutagenesis and sequence analysis were made on 
C Applied Biosystems 381 A DNA synthesizer. 



Results 

To test whether the bacterial signal sequence of 
ChtA is required for plant cell secretion, we pre- 
' pared a deletion mutant of the chiA gene lacking 
[he region which specifies the codons > of the Slg 
F nal sequence, pChiA-M (amino acids 2 to 23) the 
amino terminal of the resulting protein from 
pChiA-M is shown in Fig. 1. The ChiA protein 
was then expressed in plant cells with and with- 
out its signal sequence by transformation with the 
binary plasmids pChiA and pChiA-M. In paral- 
lel, to determine whether the fraction of ChiA 
secreted by tobacco cells could be increased by 
•' fusion to the signal sequence from a secreted plant 
protein, we constructed a translation^ fusion be- 
tween PRlb and the mature ChiA protein. We 
chose the tobacco PRlb protein as the source of 
a plant signal sequence because complete se- 
quence information was available for the PRlb 
gene and the extracellular location of the protein 
has been well studied. The portion of the chiA 
gene encoding the signal sequence of ChiA was 



replaced with that encoding the signal sequence 
from PRlb so that the resulting fusion protein 
contains the PRlb signal sequence plus the first 
two amino acids of the PRlb mature protein 
(Gln-Asn) in place of the first two amino acids of 
the mature ChiA protein (Ala-Ala) (see Fig. 1). 
This fusion protein was also expressed m plant 
cells by transformation with the binary plasmid 
pPRSSChiA. At least 10 independent transfor- 
mants were prepared for each of the construc- 
tions pChiA, pChiA-M and pPRSSChiA, then 2 
plants from each group were selected for subse- 
quent comparative analyses. The representative 
plants were chosen so that the transformants car- 
rying the different chiA genes each were express- 
ing similar steady-state chiA mRNA levels and 
ChiA protein. 

Immunoblots of leaf proteins isolated from two 
plants transformed with pChiA show multiple 
bands (Fig. 2, lanes 2 and 3), the most prominent 
of which comigrates with ChiA protein expressed 
in Escherichia coli (Fig. 2, lane 1). We have pre- 
viously shown that the most prominent species is 
an intracellular form, and the fainter bands of 
higher molecular weight are glycosylated, secreted 
forms of ChiA [ 12]. Immunoblots of protein from 
two plants transformed with pChiA-M (Fig. 2, 
lanes 6 and 7) show a single band which comi- 
grates with ChiA from E. coli; no species of higher 
molecular weight can be detected, which indicates 
that glycosylation of ChiA does not occur when 
it is expressed without a signal sequence. Immu- 
noblot analysis of leaf extracts from plants trans- 
formed with pPRSSChiA shows that, in contrast 
to those transformed with pChiA, all of the cross- 



pChjA MAKFNKPLLA LL 1 GSTLCSA AQA^AAPGKPT 

MAAPGKPT 

pChiA-M 

pPRSSChiA MGFLLFSQMP SFFLVSTL L L FLi iSHSSHA ^QNPGKPT 
%• 1. Deduced a„,i„o acid ponces of U,c dCuon and fusion ^-^^H^^^S^ 
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Fig. 2. Immunoblot with ChiA antibody to the total leaf pro- 
tein (100 /ig) from individual tobacco plants transformed with 
ChiA derivatives. Lane 1: ChiA from £. cali (200 ng); lanes 2 
and 3: pChiA (ChiA signal sequence): lanes 4 of 5: pPRSS- 
ChiA (PRi signal sequence): lanes 6 and 7; pChiA-M (no 
signal sequence). 



reacting protein is in a position corresponding to 
the glycosylated forms of ChiA (Fig. 2, lanes 4 

and 5). — 

We assayed the level of secretion of ChiA from 
these different transgenic plant cells by analyzing 
the media from plant cell suspension cultures and 
by comparing the profiles of protein extracts from 
leaf protoplasts and corresponding whole leaves. 
We have shown that these approaches give con- 
sistent results and correctly demonstrate secre- 
tion of the PRlb secreted tobacco protein (un- 
published data). The culture fluid from suspension 
cultures established from individual plants trans- 
formed with pChiA, pChiA-M or pPRSSChiaA, 
was analyzed by immunoblotting (Fig. 3)- There 
is little or no ChiA protein in the medium from the 
pChiA-M transformed cells (lanes 4 and 5), and 
high levels of ChiA in the medium from the 
pPRSSChiA or pChiA transformed cells (lanes 2, 
3, 6 and 7). Furthermore the ChiA which is 
present in the culture medium from pPRSSChiA 
and pChiA transformants is the higher-molecular- 
weight glycosylated form. The faint band seen in 
lanes 4 and 5, which comigrates with the bacte- 
rial standard (lane 1), probably corresponds to 
non-glycosylated non-secreted ChiA which is in 
the culture fluid as a consequence of cell death. 
These data from the analysis of suspension cul- 
ture media suggest that in the absence of any 

signal sequence (pChiA-M) the ChiA which is 




Fig. 3. Immunoblot with ChiA antibody to protein isolated 
from suspension culture medium. Lane 1: ChiA protein frorc 
E.coli (200 ng); lanes 2 and 3: medium from pPRSSChiA 
cells; lanes 4 and 5: medium from pChiA-M cells; lanes 6 anc 
7; medium from pChiA cells (lanes 2-7 each contain proieii 
extracted from i ml culture medium); lane 8: 100 leaf pro 
teis from ChiA plant. 

expressed is not secreted. In the presence of 
signal sequence, either the ChiA signal (pChiA 
or the PRlb signal (pPRSSChiA), ChiA protei 
is glycosylated and secreted. The observation th; 
higher levels of ChiA protein appear in the m 
dium from pPRSSChiA transformants (Fig. 
lanes 2, 3) than from pChiA transforman 
(Fig. 3, lanes 6, 7) suggests that secretion is mo 
efficient when the PRlb signal is fused to Chi. 

Since secreted proteins will be present in k 
tissues extracts but absent from washed proi 
piasts, we have compared these tissues from t 
transgenic plants to further determine whett 
secretion is occurring. The results from typi 
experiments comparing these two tissues ; 
shown in Fig. 4, In the total leaf extract fron 
plant transformed with pCHiA (lane 7), differ 
molecular weight forms of the ChiA protein < 
be seen which correspond to glycosylated (upf 
and non-glycosylated (lower) forms of the f 
tein. In washed protoplasts of these plants, c 
the non-giycosylated (lower) form of ChiA is s 
(lane 6), which is consistent with our above re 
indicating that the glycosylated higher-moleci 
weight forms are secreted from plant cells 
plants transformed with pChiA-M, the pre 
profiles of washed protoplasts (lane 2) and t 
leaf extract (lane 3) are identical and corresp 
to the £. coli standard (lane 1), indicating 
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Fig. 4. Immunoblot of protein from leaf or from washed pro- 
toplasts. Lane I: ChiA from £. coll (200 ng); lanes 2 and 3: 
pChiA-M; lanes 4 and 5: pPRSSChiA; lanes 6 and 7: pOUA, 
Lanes 2, 4 and 6 are from protoplasts; lanes 3, 5 and 7 are 
from leaf, Lanes 2 to 7 each contain 100 ii% total proiein. 



glycosylation has not taken place and that little or 
no secretion is occurring. The profiles from 
washed protoplasts and total leaf extracts of 
pPRSSChiA transformants are shown in ianes 4 
and 5, and in this case the ChiA protein is present 
solely as a higher-molecular-weight form, none of 
which is detected inside washed protoplasts. 
These data comparing proteins from protoplasts 
and total leaf extracts confirm that secreted and 
glycosylated forms of ChiA protein occur only if 
a signal sequence is attached, and if the PRlb 
signal sequence is used then all of the ChiA pro- 
tein is secreted and glycosylated. 

There are four consensus N-glycosyfation sites 
(Asn-X-Ser/Thr) in the predicted ChiA protein 
sequence. We constructed a derivative of the 
chiA gene where all four sites were 'inactivated' 
by altering the last codon in the consensus site to 
Ala, To express the mutant ChiA proteins in 
piant cells, the binary plasmids pChiA-G and 
pPRSSChiA-G were used to produce trans- 
formed tobacco plants. RNA and protein analy- 
sis was used to identify plants expressing high 
levels of the mutant ChiA proteins. (We noted 
that expression at both the RNA and protein level 
w as generally significantly higher for plants trans- 
formed with pPRSSChiA-G than pChiA-G.) 

We compared the protein profile in washed 
Protoplasts with that in total leaf extracts from 
PChiA-G and pPRSSChiA-G transformants 
(Rg. 5). The ChiA protein in all plant extracts 
co-migrated with the mature ChiA protein as pu- 
nfied from bacteria, as would be predicted if no 




Fig, 5, Immunoblot of protein from protoplast and leaf ex- 
tracts from plantsexpressing ChiA lacking glycosylation sites. 
Lane 1:£. coli ChiA (150 ng); lanes 2and3:pChiA-G; lanes 4 
and 5: pPRSSChiA-G. Lanes 2 to 5 each contain 50 /ig total 
protein; lanes 2 and 4 are leaf extracts, lanes 3 and 5 are 
protoplast extracts. 



glycosylation were occurring. In pChiA-G trans- 
formants, the intensity of the ChiA band was 
greater in total leaf extract (lane 2) than in proto- 
plast extracts (lane 3), suggesting that, as with the 
wild-type protein, secretion of ChiA does occur 
but not all of the ChiA is being secreted from the 
cells. In pPRSSChiA-G transformants, a trace of 
ChiA was detected in the protoplast extracts 
(lane 5) in contrast to the very high levels in total 
extract from leaf (lane 4), indicating that most or 
all of the unglycosylated ChiA protein is being 
secreted. 



Discussion 

We have investigated the secretion of the bacte- 
rial ChiA protein from plant cells. We had pre- 
viously demonstrated that ChiA fused to the bac- 
terial signal sequence is inefficiently secreted by 
plant cells. Here we show that the ChiA protein 
is fully secreted when the signal sequence derived 
from the tobacco PRlb protein is fused to the 
ChiA mature protein and secretion does not occur 
in the absence of a signal sequence. The lack of 
secretion in the absence of a signal sequence is 
expected, given the role of signal sequences in 
mediating targeting of proteins to the lumen of the 
endoplasmic reticulum in eukaryotic cells [16], 




The fact that no detectable glycosylate of ChiA 
occurs in the absence of a signal sequence is also 
expected, since the initial transfer of glycans to 
proteins occurs as the proteins cross the ER 
membrane [9]. , 
The most likely explanation for the napped 
efficiency of ChiA secretion m pPRSSUiiA 
transformants is that the possession of a plant 
signal sequence improves the ability of the , ChiA 
protein to enter the secretory pathway of the plant 
cells in which it is expressed. An alternative ex- 
planation is that the mature ChiA peptides am- 
ine from pChiA- and pPRSSChiA-transformed 
plants differ in the two N-terminal ammo acids, 
and this difference could alter the mature protein 
so that it would behave differently in the plant 
secretory pathway. While this explanation cannot 
be ruled out, we believe it to be less likely, as we 
have not detected any significant differences m 
the physical or enzvmologicai properties of the 
ChiA expressed with a bacterial or a plant signal 
sequence. (The precise point of cleavage of the 
signal sequences when expressed m plant cells 
remains to be determined.) 

Signal sequences show considerable degener- 
acy so that even random peptide sequences can 
function as signal sequences [8]; however, signif- 
icant differences between prokaryotic and eukary- 
otic signal sequences are revealed when large 
numbers of sequences are analyzed statistically 
[231 These differences may be reflected m the 
ability of signal sequences to function efficiently 
in heterologous hosts. There are reports where 
the use of a signal sequence native to the organ- 
ism in which the protein is being expressed can 
enhance the secretion of a heterologous protein 
[I 2, 19], and others where more efficient secre- 
tion of a foreign protein is seen when it possesses 
its own signal sequence rather than one derived 
from the organism in which it is expired 
p 19] Determining which features of the PKlb 
N-terminus are relevant in mediating the efficient 
secretion of ChiA from plant cells would be an 
interesting area for further study. 

The fact that ChiA is apparently completely 
located outside the cell when expressed with a 
plant signal sequence may be taken as further 



evidence that the pathway for secretion in plant 
cells is a default pathway, requiring no positive 
sorting information other than the possession of 
a functional signal sequence. Thus it seems likely 
that many other proteins could also be engineered 
to be plant secretory proteins. In support of this, 
Denecke et al [3] have recently shown that three 
normally cytoplasmic proteins can be secreted 
from plant cells by the attachment of a suitable 
signal sequence. 

Glycan side-chains attached to proteins prob- 
ably have multiple roles [14]; it has often been 
observed that prevention of glycosylation also 
prevents the secretion of the altered protein. 
Sometimes this can be attributed to decreased 
stability of the altered protein to proteases [4, 14], 
or to aggregation of the protein [5]. There are also 
cases where the non-glycosylated forms of the 
protein are secreted as efficiently as are the gly- 
cosylated forms [ 10, 18]. Thus the role of glycans 
in intracellular targeting is not simple and cannot 
be generalized. The likelihood of a direct role for 
glycan residues in some aspect of protein target- 
ing in eukaryotic cells (for example, by interact- 
ing with a receptor as opposed to simply chang- 
ing the physical properties of the protein) seems 
remote. Only in the case of lysosome is targeting 
mediated by mannose-6-phosphate residues [211. 
The results presented in this paper demonstrate 
clearly that the efficiency with which ChiA can be 
secreted by plant cells is not influenced by the 
extent to which it is glycosylated. 
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The Fseudomonm syringae pathovars are composed of 
host-speciOc plaitt pathogens that dbaracteristical^ elicit 
the defense-associated hypersensitive response (MR) in 
ntmhm plants. R s. pv, syringae 61 secrete an HE did* 
tor, harping (BrpZ^ in a ^-defnmdeitt manner. An 
Internal fragment of the E 5. pv. syringae 61 hrpZ gene 
was used to clone the locus from E pv. gfyeima 
race 4 {bacterial blight of soybean) and E $> pv. fo/«ato 
DC3GG0 (b&eteriai speck of tomato). DNA sequence 
analysis revealed that hrpZ is the second ORF in a polyds- 
tronlc operon. The axmno add sequence identities of 
HrpZi^/HrpZ^ and HrpZp^/HrpZ^ were 79 and 63%, 
respectively. Although none of the BipZ proteins showed 
significant overall sequence similarity with other known 
proteins* HrpZ P „ contained a 24 -amino add sentence that 
Is homologous with a region of the PopAI elicitor protein 
of the tomato pathogen, Bseud&m&n&s sGkmacearum 
GMIJtKHK &r^4, the upstream ORF, was highly divergent: 
The amino acid sequence identities of HrpAf^HrpA^ 
and MrpAy^BlrpAf^ were 31 and 28%, respectively, and 
no HrpA sequence showed similarity to known proteins. 
In contrast, the predicted products of the downstream 
ORFs in E s, pv, syringae and E pv. tomato* hrpB, 
hrpC 9 hrpD, and hrpE showed varying levels of sirniiarity 
to those of ysc/, ysc J, yscK* and yscL. These are coHoearly 
arranged genes in the vir€ locus of Yersinia spp„ which 
are involved Is the secretion of the Yop virulence proteins 
via the type III pathway. The similarity of the Ysc pro- 
teins was generally stronger in comparisoiis with the R s. 
pv. tomato Hrp proteins The HrpZ proteins were purified 
by heat derta titration of contaminating proteins followed 
by ammonium sulfate fractionation, hydrophobic chroma- 
tography, and gel electrophoresis. All three HrpZ proteins 
elicited the HR in tomato, whereas none of them elicited 
significant necrosis in soybean. The results indicate that 
HrpZ is encoded in an operon containing some of the 
genes involved in its own secretion and suggest that HrpZ 
structure does not directly determine bacterial host range, 
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Phylopathogenic strains of Pseudomonas syringae cause 
two patterns of necrosis when the bacteria invade a plant. On 
a susceptible C "compatible") host, a necrotic lesion often de- 
velops over a period of days, with -necrosis spreading as the 
bacteria multiply and the plant becomes diseased. On a rests- 
imt or nonhost plant, a localized cellular necrosis is induced 
within 24 to 4B h, and bacterial multiplication is inhibited. 
This was first reported by Klement {1963; Klement et al 
1964), who observed that when high concentrations of patho- 
genic bacteria are infiltrated into an incompatible plant they 
elicit a visible necrosis which is limited to the infiltrated area. 
This reaction* called She hypersensitive response (HR), in- 
volves localized cell death and production of antimicrobial 
compounds at the site of pathogen invasion (Bcmas 1994).The 
ability of R syringae and other nontumorigenic, gram- 
negative, bacterial pathogens to elicit the HR is governed by 
hrp genes. Typical Hrrr mutants are pleiiolropicaUy defective 
in plartta: They do not elicit the HR in nonhosts and ihey fail 
to multiply and cause disease in host plants (Lmdgren et at 
Clusters of hrp genes have been identified in many 
gram-negative phytopathogenic bacleria (Bonas 1994). A 25- 
teb hrp cluster from R s* pv, syringae 61 is sufficient to confer 
the tobacco HR phenotype, but not the pathogenic phenotype 
on nonpathogenic bacteria {Huang et aL !988), hrp genes 
have also been cloned and characterized extensively from R s. 
pv. phaxeoticokt NPS3121, R sokmaceanm GM1000, Xan* 
thomoms campestris pv, vesicatoria 75-3, and ErwMa amy- 
lavom Ea32I (Lindgren ei al 1986; Boucher efc aL 1987; 
Beer et al. 1991; Bonas ct ah 1991), Certain hrp genes are 
widely conserved among these pathogens, and several encode 
components of a protein secretion pathway that Is similar to 
the type HI pathway used by Yersinia, Shigella* and Salmo- 
nelta spp. to secrete extracellular proteins involved in animal 
pathogenesis (Van Gipegem et al 1993). One activity of the 
krp»mwde6 secretion pathway in phytopaihogenic bacteria is 
the secretion of proieinaceous dickers of the HR, which are 
also encoded by hrp genes. 

The first ^encoded eliciior characterized was harping 
from EL mnylovora {Wei el aL 1992), Similar eMchors have 
since been isolated from other bacteria, including R s. pv, sy- 
ringae 61, R sohnacearum GMI.106G, and R chrysuntheml 
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EC16 (He et al. 1993; Aflat et af 1994; Bauer ci &L 1994), 
Proteins in this family of eHeitors share several general char- 
acteristics* Thay are glycine rich, heat-stable, lack cysteine, 
and appear highly susceptible to proteolysis. They lack an N- 
tenninal signal peptide, but they are secreted to the bacterial 
milieu. Their expression and secretion is dependent on hrp 
genes- The biological rote of these proteins in pathogenesis 
has not yet been determined, but the purified proteins can in- 
duce an MR on a nonbosi plant such as tobacco. However, 
there are significant differences in the organization of the 
elichor operons and the activity of ihe elieitors, which sug- 
gests that the Erwinia tropins, the £ syringae hrpZ product 
and the P. sokmacearum p&pA product may represent three 
distinct classes of dickers. In this work we will refer to the R 
$ r pv, syringae elicitor as HrpZ^ rather than harping (He et 
al 1993)- This distinction is supported by the weak similarity 
of the amino acid sequences of the four proteins, with the 
only exception being the C-termtna! halves of the Erwinm 
hatpins (Bauer et al. 1994), 

The location of known elicitor genes in reference to the hrp 
clyster varies in P. a pv. syringae, P soianaceamm, and £ 
amylavom- hrpN and hrpZ are contiguous or within the hrp 
cluster, whereas popA lies outside (although near) the jR sola- 
nacearum hrp cluster <Wd et at 1992; He et at 1993; MM et 
at 1994). Them are no genes downstream of the elicitor gene 
in either the hrpN or the popA operons, which means that 
mutations in the elicitor genes do not have a polar effect on 
the Hrp phenotype, and mutant construction is stratgMfor- 
wan!, in contrast mutagenesis and complementation studies 
of the hrp cluster from P. x pv, syringae 61 have indicated 
that hrpZ lies upstream of at least one other hrp gene within 
an operon {Huang et al 1991 ; Xiao et af 1992), 

In £ amytovara and £ chrysamhemi, hairpins have been 
demonstrated to be sufficient and necessary to elicit the HR, 
and mutation of hrpN in & amyi^mm has shown that harping 
is required for pathogenesis (Wet et al 1992). However hrpN 
mutants of £ chrysanthemi can establish infections, albeit al a 
signiScantly reduced frequency, which suggests that hatpin^ is 
important but not essential for pathogenesis (Bauer el al X 995% 
In contrast, a p &pA mutant of P sotanacearum is fully patho- 
genic on susceptible hosts. Indicating that FopAI is not re- 
quired for pathogenesis (Ariat et at 1994). 

These elickors may play a role in controlling the host 
specificity exhibited by £ amyfov&m and plant pathogenic 
pseudomonads such as R syringae and P. solanacearum. 
However it is difficult to compare the activity of BrpZ^ and 
harpittHa m host and nonhost plants because legumes and ro- 
saceous plants, the hosts of R & pv, syringae 61 and E. amy- 
tevam Ba321, respectively, respond poorly to preparations of 
any of these elicitor proteins (Wei et aL 1992; He et at 1993), 
FopAI from E soUmaeeantm does appear to act in a host- 
specific manner, inducing an HR on resistant lines of petunia 
and the nonhost tobacco, but not on susceptible lines of pe- 
tunia or tomato (Arlat et al. 1994), This phenotype is similar 
to that of avr genes, but PopA! is distinct from known Avr 
proteins in eliciting the HR directly on resistant plants, 
Harpin^ elicits an BR on some compatible hosts of & chry- 
stmihemi, but in contrast to the other three bacteria £ chry- 
santhemi h a broad-host range pathogen and the activity of 
harping may not be . representative of eiickor activity in a 
highly host-specific system (Bauer et at 1995), 



In previous work we cloned and characterized the hrpZ 
gene from P. s. pv, syringae 61, a weak pathogen of bean, and 
demonstrated with Southern and immunoblots that other 
pathovars of E syringae contain homologs of this gene (He et 
at 1993), This supported the hypothesis that HrpZ represents 
a family of elickors common to all pathogenic strains of R 
syringae. We report here the isolation of homologs of HrpZ Pss 
from two other experimentally important pathovars of R sy- 
rmgae-R & pv. tomato and R s„ pv, glyemea. Examining 
HrpZ from these ihree pathovars enabled us to look within 
this family of elicftors for variations in sequence and acti vity 
which could indicate a role in host range determination. In 
addition, we characterized the two genes flanking hrpZ in R 
$* pv, syringae and R s. pv, glyemea md the entire hrpZ op- 
eron of P. s. pv, $amat0. In conjunction with an accompanying 
paper (Huang et ai 1995), this completes the sequence of the 
R s. pv. syringae 61 hrp genes carried on pHIRll and pro- 
vides clues to the function of the genes downstream of hrpZ* 
A preliminary account of portions of this work has been pub- 
lished (Coflmer et al 1994), 

RESULTS 

Cloning hrpZ from R s* pv* tomato and R $* pv. glytinea. 

We previously used Southern hybrid&atkm to demonstrate 
that both R s. pv, glydnea race 4 and P $* pv tomato 
DC3000 contain sequences homologous to a 0,75 kb BsiXl 
internal fragment of hrpZ from P. & pv, syringae (He et at 
1993), The .same probe was used to screen genomic libraries 
of E s, pv, glyemea and E s. pv. tomato, The libraries were 
constructed in & eoii BHSot by inserting 8- to 12-fch frag- 
ments from partial Sau3M digests of genomic ONA into the 
BamM site of pU€P19, The screen identtfed two piasmkts 
with inserts of approximately 10 kb: pCPP220i (R s, pv, to- 
mato) and p€PF220O {R & pv. glycine^}. The same BstXt 
fragment was used to probe a Southern blot of pCPP220I and 
p€FP220G digested with Bamfth jEcoRX, and PstL The probe 
identified two Pstl fragments of 2.2 arid 2.4 kb from 
pCPF2201 and p€PP220G rcspcciively (Fig, 1), The two Pstl 
fragments were cloned into the Pstl site of pBluescript n 
SK{-> (Stmtagene, La Jolia, CA) in £ coU DH5a to create 
the plasmids p€PP22Q2 to p€FI^205. with the inserts in both 
orientations with respect to the he promoter* Cell iysates of 
E c&tt DU5a containing pCFF2203 (hrpZ^ in the vector 
promoter orientation) and pCPP2202 (hrpZ^ m the vector 
promoter orientation) induced an HR on tobacco, but those 
from cells containing pCPP2205 (krpZ^ in the opposite ori- 
entation of the vector promoter) and pCFF2204 (hrpZ^ m 
the opposite orientation of the vector promoter) did not HR 
activity was retained after incubating the lysale for 10 min at 
1WC and removing denatured proteins by centrifugation, 
Insensidvity 10 heat treatment is a characteristic feature of 
previously isolated HR elscttors. Proteins in the lysates were 
separated on an SDS-polyacrylamide gek transferred to an 
ImmoMIoB-F membrane and immunoblotted with antibodies 
raised against purified HrpZ^ Cross-reacting proteins of a 
similar size to HrpZ^ were observed and provisionally 
named HrpZ^ and Brp^j (Fig- % lanes 2 and 4% 

The intensity of the UvpZ? m and HrpZ^ bands was quite 
low in comparison to the band for HrpZ^ expressed from 

pSYHIO in K c&li DH5a (Fig. 2, lane 1). This implied either 
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that expression was low due to the distance of the cloned 
gene from the lac promoter or that HrpZ^ f and HipZ** did 
not hybridize strongly to the antibodies. A band correspond- 
ing to HipZfe from pSYHIO could be clearly seen on a 
Ox>niasst£HS(ai!ied gel, but the bands for HrpZ^ and HrpZ Vsf 
were indistiiict, which implies that low expression was a pri- 
mary reason for the low signal. In an. attempt to improve the 
level of expression of HrpZ Be md HtpZ^ we sybeloiied BcoiU- 
&?/«HI fragments containing the inserts from pCPP22G2 md 
PCPP2203 behind the T7 promoter of pET2i(+} in £ coii 
BL21CDE3) to create the plasmids pCPF2206 and pCFP22Q7. 



Hie T7 promoter enabled a moderate improvement m protein 
expression (Fig. 2, lanes 3 and 5). 

A common an^ageme^t of OKFs Io tiie krpZ operons of/! 
s* pv« $$ringm* R pv. gtycinea, and /? pv. ftumto re- 
vealed fey 0NA sequence analysis. 

Previously, we determined the complete nucleotide se- 
quence of hrpZ from P & pv, syringae by sequencing a I ,4-kb 
subclone of pHIRU (& cosmid containing the entire hrp 
cluster from E s, pv, syringae) (He et al 1993). In addition, 
analysis of the complementation groups and transcriptional 
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units of pHIRM using JnphoA and TnS-gusAl mutagenesis 
(Huang et al 1991; Xiao et al. 1992) suggested that hrpZ lay 
within an operon, upstream of at least one other hrp gene. 
Further subclones of pHlRl 1 were used to determine the se- 
quence of the entire hrpZ^ operon (this study, Huang et a!. 
1995), We also determined the sequence of <i) the 2,2- and 
2-4-kb Psit subclones from pCPP2201 (hrpZ?^) md 
p€FF22(K> {Hrp2tox% (ii) &n overlapping 3-7-kb SadrBcoBl 
subclone from pCFP2201 (designated p€PP2209) ¥ and (ui) 
part of an overlapping 3,6-kh subclone from pCPP2200 
{designated pCPP220S) s as shown in Figure L This yielded 
the sequence of the entire R $> pv, tommo hrpZ operon and 
the firs* half of the J* $. pv, glycinea operoa The sequenced 
legion of R s. pv. syrmgoe and P. s< pv. tomato extends from 
hrpS (Xiao et aL 1994), ihrough the hrpZ operon to the be- 
ginning Of the hrpHopzmn (Huang et al 1992), demonstrat- 
tag that the oigamzafios-of this region of the hrp cluster is 
conserved in both pathovars. 

Codon preference analysis of the DMA sequence, using R 
s, pv, syringae codon usage data, predicted that hrpZ was the 
second of six ORFs, ail oriented in the same direction, an ar- 
rangement conserved in R s. pv, tomato and at least the first 
four GRFs of jR $. pv. gfycinea. The sequence of the noncod- 
ing DMA is shown in Figure 3, Five of the six GRF& have 
clear potential ribosome binding sites. The fifth ORF has a 
putative nbosome binding site m E & pv. syringae? but the 
site in R s> pv. tomato is less clear, fee initiation codon shown 
being selected by alignment with the ORF in R s. pv, syrin- 
gae. In the absence of recognizable terminator elements 
downstream of the first five ORFs it seems likely thai the six 
OKFs represent a single operon, transcribed from upstream of 
the first ORE Hie five predicted ORFs were provisionally 
named hrpA through hrpE, as shown in Figures I and 3. 
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Fig, 2* Immtmoblot showing expression of dosed hrpZ in E cotL 
tarns were grovm in IM to an OD^ of 0.S to LO at 30°C collected by 
c&nArifc&ttkm m4 rcsuspended in 5 mM MES + pH 5,5, f^or 3* 5 
and % md 4, T? expression was induced wiih I mU WTQ when the 
cells reached m OD m of OA 3 h pnot to collection, Tlie ceUs were dis- 
rupted by sonicattoa, and the crude lysate was partially punned by its 
movaJ of the fcisotubie fraction after met&atmg the samples at I Q0°€ for 
10 tt&t SD54nad3og buffer w adde£ and the sanies were incubated 
at 1O0*C for 2 mm. The proteins were resolved by $r^~polvatfyl$mic§e 
gel electrophoresis* FoHowmg ekctrophoresis the proteins were trans- 
ferred *e foraoHlon-P roeir&rane {^gHIiporct, Bedfoa4 UA% probed wt?h 
anti-HtpS^ antibodies and vtaJi^sd with goat, mti-rafebit antibody ton- 
jugated with alkalme piiosphtits.w. Lai^s: 1, E DH5a (pSYHlO) 
(Hj^W^ ^ £ eoli T>BSa ^PF2^2XHipZ^> 3, £ coM Bl^l(DB3) 
^m^KH^^); 4 E caii DH5a <iCFF22()3){Hrip^); 1 jP coli 
BL2I(DE3> (pCPI^OTKHrp^); 6, E coti DH5a (pBlwesaipt II); 7. £ 



A hrp/avr promoter consensus sequence ties tipstre&m 
of the hrpZ operons ®t three R syringae pathorors* 

The conserved sequence GGAACC— 1 6bp— CCACNNA 
lies 50 bp upsiream of the initiation codon of hrpA in all three 
pathovars (Fig. 3). This motif has been identified in the pro- . 
moter regions of mmy avr md hrp genes (taes «t al 1993; 
Shen and K^m. 1993), and appears to be involved in positive 
regulation by HrpL, a putative alternative sigma factor which 
is itself positively regulated by HrpR md HrpS (Xiao and 
Huteheson 1994), HrpL is a member of a family of alternative 
sigma factors, many of which arc involved in secretion of ex* 
tracellttiar factors in response to environir^ntal. stimuli 
(Loneilo et aL 1992), The presence of this promoter motif 
further supports the suggestion that the six ORFs form a sin- 
gle inscriptions! unit which is regulated in a /j/p -dependent 
numnet This motif can also be found beyond hrpE, upstream 
of hrpFGH in R s* pv. syringae and R s* pv. tomato* as indi- 
cated at the bottom of Figure 3, suggesting that the latter 
three ORFs form an independent &r/?~regu!&ted transcriptional 
unit in these two pathovars. 

Comparison of the HrpZ proteins of the thr ee 
R syringm patbovars* 

The predicted amino add sequences for HrpZ from each of 
the toe pathovars are alignol in Figure 4. Although the 
projeins migrate slightly anomalously on an SDS polyaery- 
iamide gel, the relative sizes of the estimated molecular 
weights correspond to the predicted values, with HrpZ^ be- 
ing the largest of the three proteins (36,5 ItDa), followed by 
HrpZ^ (353 M>a) and HrpZ^ {34.7 RDa)* ArmrKMeomnal 
sequencing of (he first f0 to IS residues of purified HrpZ^ 
and HfpZp* confirmed the predicted initiation codons of bokh 
ptoleins^ which aligned with the start codon of HrpZ^ as 
shown in Figures 3 and 4. The proteins expressed in E coli 
appear to be the same m& as those recovered from the super- 
natants of R $* pv, gtyemea and R $ t pv. tomato* indicating 
dial the cloned gene is Intact md that there are no large post- 
transiational modificatioiis or deletions of HrpZ taking place 
in R syringae bat not in K ealL 

Trie amino add seqyence of HrpZ^ is quite highly con- 
served with respect to HrpZ^ having 87% similarity and 
79% identic HrpZ^ ts less conserved mth respect to the two 
other proteins, with 75% similarity and 63% identity to 
HrpZg^ However, the physical features of HrpZ^ and 
HrpZf^ are almost identical to those reported for BrpZp^ (He 
et al 1993). AH three are glycine-tich proteins lacking cysie- 
ine and tyrosine. HrpZp# *s She most glycine rich, being 
15.7% glycine, The proteins lack the hydrophobic signal se- 
quence used to target prolans for secretion via the Sec export 
pathway (Pngsiey 1989). Analysis of the amino acid sequence 
Mis to identify any obviously significant secondary smicture, 
which is consistent with their sensitivity to proteases, and 
supports the suggestion that they adopt a fairly open structure 
in aqueous solution. 

In our previous analysis of HrpZ^ (He ei at 1993), we 
noted the presence of two sets of short, direct repeats. Only 
one of these repeats, GCXSLGTR is conserved in the three 
proteins, with the substitution of a serine for threonine in the 
first repeat of both HrpZ^ and BrpZ^. The significance of 
these repeats, if any, is unknown, A database search with each 
of the three proteins using the BLAST algorithm (Altschui et 
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syrlngae TTTTTTGCAG A&GATCTG&& ACCGATTCGC GGAQ^CATGC C&CCTAGCTG 

glycinea TTTTTTGCA* GAGCGCTGGA ACCGATTTAA GGGTCGTTAC CACTA . TCTG 

tomato TTTTTTGCAA AGACGCTGGA ACCGTATCGC AGGCTGCTGC CACTAGTGAG 

syrlngae TACC&AGCA& TTACGCTGGT ACAGACGA&G GGGTATGACG TTf||p- — 

glycinea TACCAAGCAA TTACGCTGGT ACAGACCA&G GGG TATGACG Tl^p----- 

tomato TACCAAGCAA TCACGCTGGT &A&TCTTAAG CGGC&TCAAA TCl|fi 



syrxngae 
glycinea 
tomato 

syrlngae 
glycinea 
tomato 

syrlngae 
glycinea 

tomato 



* ~~~~ ~~32Xbp 

-hrpA ^ -~321bp 

-336bp 



— S^^TTTCTTG, ACGCCCCTTC 
--ll^TTTCTTGA ATGCCCCCAT 
-Ifi^rmTTTCT GATTGCCCCC 



ATACCTGAGG GGGCTGGTAC TTTTAGGAGG TTGTG. .Il^g 
CACACAGAGG GGGCTGCTAC TTGTG. .AP§ 

TCATCAGAGG GGGCCGCTAC CTTG GGATGG GCGTTTTgp 

— lG2Gbp— ~ -« ~ 

hrpZ — 1032bp~~ > 

~X107bp-- 



syrxngae 
glycinea 
tomato 



eyrxngae 
glycinea 

■ tGl&atO 

syrlngae 
glycinea 
tomato 

syrlngae 
glycinea 
tomato 



iScCGACAA CCGCCTGACG GAGAAC TCAC i|§ 

IppCTGATAC CCGCCTGACG GAGAA CTCAC gM-- 

i^CfGACAG CCGCCTGACg GAGAA CCAGT 



~369bp~ 
-369bp- 



j&GAGG TTCT C||p- 



w --aoibp — 

— hrpC incomplete 



syrlngae 

tomato 

syringae 
tomato 



TGGTGGTGCA 

TGGTGGTGCA 



ACCCCTGGCA 



GACCTGACCG CCGAGGACTA TTGGACTCAG 
AGCCTTTCTG CCGAGG&TCA CTGG&TTCAC 

ATGGGCGCAT COBG^CTGGC AA&GCCGGTT 
GTGGGCACAT TCGGAGTGGC ATGACCGATT 



syrlngae CGCCGAGCGC TGCGGACTGA CCGTCAGCGA ATGTGAAGCC CFI^f|-»™- 
tomato CGCCAACGCT CGTGGGTTAT CGGTCAGTGA CTG CGATGe G CTCftiG 



syrxngae 
tomato 

syrlngae 
tomato 



-hrpl>- 



- -fi^pGTAT # .CCGCTCCTC TCTGCACCAG GAATTCTCCC 

— ^Smccg AACCAGCTTC TCTGCATCAG GAAT ACGCCC $3$£~ 



syrxngae 
tomato 

syrlngae 
tomato 

syrlngae 
tomato 



hrpE- « 



AAC AG ACT * - 
TACACACTCT 



— 576bp- 



CTGCACTCAC 



TTGCGGCGAA AATGGAACCG OTCCACCTGT 
TTGATCGCAT GATGGAACCG CTCGGCGGGT 



TTGCTCCACT 
TTGCTCCACT 



CAAGGTTTGA ACCTTTCTOC TGGAGTATCA GGACATG 
CAAGGTTTGA ACCCTTCTGC TGGAGCACCA GGACATG 



f%* 3* Nucleotide sequences of tfce noncodkf xzgwm of the hrpZ operas from PseudomMMt sytmgti* pv* syringe & s, pv. glycbua, and £ & pv. 
mato. The seqyeiiOis Sating the six ORFs of (he speroft wen; mpwd using Clue HUBUP aigorMtfB (Oeimks Computer Gfoup), For ^ s. pv. 
n^^s 2nd R s. pv. i^soia {fee sequence mm£$ fs§m Imtmdhtcly dowmtream of ^/^S Ms ihe snd of iks opcron. Boi 1 E s. pv. glycine th« sequenced 
region temii&a&s at the kegmsmg of ^f^C. The proposed imiMsm and termtmion w4om are: kighBigfeted for each ORE Tito krp/mr tommmz st- 
qmnccs upxtxemn of krpA m\4 hrpF ssre m&rM by d^ble lines, with &c conserved mtdeditdes: k bold and ihc ^ittsdtvc libosome biruJing sites for «»ch 
OEF ^sdedined. A shot ifsveitecl mpeat upsirearn of hrpZ ts ako imiicated wi«h dashed ^toews. 



a], 1990) did not find significant homology &> my other bac- 
terial proteins, with ih$ exception of a single, glycine rich re- 
gion found only in HrpZW .{Fig, 4), Tills stretch of 24 amino 
acids has homology at both the nucleotide md %mim acid 
level to a region of the ho&t-specific elidtor FopAi from E 



saifflwee&rum, as shown a£ the bottom of Figure 4, There is 
no overal sirnslanty of the amino acid and nucleotide se- 
quences of HrpZ the HR eftetars clsaiacterizcd from & 
amylmora^ & ckrymnthemi, md E s&ktnaceamm except to $. 
degree accounted for by their similar comijosiiioft 
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Ftg. 4, Alignment of proieiit seq^^es of -HipA m4 HfpZ, The p^icied prctctn sequences ef HfpA ami HjpZ from Psmdwnmm syringe pv. sy« 
rtngm, & $* P v gtyritwor m4 R pv. umoie wt>m $£igm4 using the PILEUF aigodta (Qcmms Campt&t Group), The aiignineat of a tirsiqae gtydbe 
rich regi^i? of HipZ^ with a homologous region of PopAl from E soiaAwxawm is-also shown. 
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The predicted BrpA protein of B $* pv* tomato 
differs substantially from that E s* pv. syringae 
and B s* pv* glycinm. 

The 5m ORF of the ArpZ operon starts 50 bp downstream 
of the conserved hrp/avr promoter motif, as shown in Figure 
3. The predicted product is a small (11 kDa), hydrophiltc 
protein with a hydrophobic N-cerminus, An alignment qf die 
amino add sequences from all three p&thov&rs is shown in 
Figure 4, Although the predicted sequences of HipA from E 
$, pv. syringae and R $. pv. glyeinea are highly conserved, 
with 92% similarity and 91% identity to each other* HrpA 
from R pv. tomato is quite divergent, having only 42% 
similarity and 2S% identity to HrpA from R s* pv. syringae 
The presence of a dbosome binding site and the highly con- 
served character of HipA in two of the three pathovars sup- 
ports the hypothesis that HrpA is translated T7 polymerase- 
dependem expression of hrpA (described below) provides 
further evidence for production of a HrpA protein, Cell 
lysates of £ coli exposing only HrpA did not elicit the HE 
on tobacco (data not show), which suggests that it does not 
contribute directly to the HR. The role of HrpA in the bacte- 
rium i$ unknown, and it show no significant homology to 
my previously chamcterized proteins, 

TT expression studies* 

To confirm the production of proteins corresponding to the 
two $e*s of newly cloned hrpA and hrpZ genes* the BgBH-Psd 
ft&gments from R pv. glycines and R s, pv. tomato were 
sobcloned into pET21(*) and the products specifically la- 
belled by 17 pxomoter/polymeme-dependent expression in 
K coli BL21(DE3) eells incubated with | 35 S]*methionine 
{Studter et aL 1990). Radiolabeled proteins in the cell lysate 
were analyzed by SDS-poIyacrylamide gel electrophoresis 
and autoradiography {Fig. 5), Lysates of cells containing 
pCFP22l"t displayed unique bands which corresponded well 
with the predicted molecular weight of HrpA (11,5 kDa} and 
were consistent with the previously observed mobility of 
HrpZpa (Fig, 5, lane 2). Lysates of cells containing pGPP221Q 
contained bands corresponding to HfpZp^ (36 kDa) and HrpA 
{II JeDaXFig- 5 t lane 3), Mo HrpB band was visible in the 
products of pCFP221 1 (Fig, 5 f lane 2), but this ce«ld poten- 
tially be attributed to the omission of cysteine, which is not 
required for HrpA and HrpZ synthesis, from the ammo-adds 
added to the reaction mixture* T7 expression of HrpB was 
independently confirmed for both R s. pv. syringae and R s< 
pv, tomato using a 0.84-kb Pstl-Aget fragment of pHIRl I and 
the 3,7~kb Sacl-Ecom fragment from p€PK209, snbcloned 
into LITMUS M to construct the plasmids pCPP2303 and 
pCPP2304. T7 expression in £ coli BL2KDB3) cells was 
performed as outfitted above and in figure 5. In each case a 
protein of about 13 kDa was observed, which corresponds 
well with the predicted molecular weight of HrpB from each 
of the two pa&ov&rs (data not shown). In m accompanying 
stndy Htiang et al. (1995) have confirmed the production of 
proteins corresponding to HrpC HrpD, and HrpE from R s. 
pv, syringae 6L The similarities between the three pathovars 
suggest that the equivalent ORFs in R $* pv. glycines and R s. 
pv, tomato also encode proteins. However when we inde- 
pendently confirmed the production of HrpD from R $< pv, 
syringae 61 using a 1.3-kb SaMrS&el subclone from pHTRll 
cloned into pT7-6 (p€FF2305) our results suggested the use 



of an alternative initiation codon to mate a larger (21 kDa) 
HrpD protein (data not shown). In the absence of a strong ri- 
bosome binding site at either of die putative initiation codons, 
the exact st^e of HrpD remains uncertain. 

The four ORFs downstream of hrpZ show varying 
similarities to Yersinia Ysc proteins. 

The hrp€, hrpD^ and hrpE genes downstream of hrpZ in R 
js. pv. syringae 61 have been sequenced and the products 
identified qstng T? polymerase-dependent expression (Huang 
et al. 1995). Two of the piedicted proteins, HrpC and HtpE, 
were shown to be homologous to the proteins YscJ and YseL, 
respectively, which are encoded in the virC operon of Yersinia 
enterocolitis and ate involved in the type III secretion path- 
way (Michief* et ai 1991), Homology of YscJ have also been 
found in the krp clusters of several other phytopathogenic 
bacteria^ inclnding R satanaceamm and X compestris 
(fen&elau et al 1992; Oongh et &L 1992). Additional ho- 
mologs are SolmomUa typhimunum FliF and Rhh&bium 
fmdii NoiT (Jones et al. 1989; Meinhardt et ai, 1993). The 
same four downstream ORFs are found in R s. pv. tomato* 
and the partial sequence of the operon from R pv, glyeima 
confiims the presence of iM first two of these ORFs, hrpB 
and hrpC % m this patfiovar (Hg. 6), 

HtpB is fairly conserved in all three pathovar$ f as shown by 
the- alignment presented in Figure 6, It encodes a small serine- 
rich protein of approximately 13 kDa, BLAST searches using 
HrpB from either R $* pv, syrmgoe or R $~ pv. glycinea iden- 
tified no significant homologies, but a search using HrpB 
from R $. pv. tomato identified similarity to the Yersinia pro- 
tein, YscL Yscl Is 115 amino acids long, thus slightly shorter 
than HrpB (127 amino acids)* yscl lies immediately upstream 
of yscJ in the virC operon, which suggests that the down- 
stream ORFs of the hrpZ operon might be colinear with a re- 
gion of the virC opeiOT. 
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Fig. 5* 17 pQlynwmm>4£pm4mt eKprcsssoft and tiadiolabeling of HtpA 
^n<i HrpZ. T? promoter/pol y me rase expmmon was Carried mi mm% the 
pET2l(*) vector system m & coU Bl£l&B$% €$lte were grown in LM 
to m QD m of 0.5, ibm -cenfrifuged and it^Hspcudfed m M9 misimaJ 
jmsciem suppiememed with 0.01 % araino m ds (lacking me^ionTC and 
ty&itttt&}y ikzmc snd fhianiim*. Cells were incubated at 30°€ for 3 h 
aad theo indtK^d with i mM iPTG f<ar 10 tmn, followed by intubation 
with d&inpcm at 30Q pg/ml for 30 mia. Cells were iRcgbato*! with 10 
ua [ 35 S>i^ethbnifie for 10 min, iysed m SDS-loadmg baffle?* and the 
proietm w« sedated fey SDS-poiy^rykmidc electmphoresH and 
visualized imioradiograplw, £ r c&U BL21CDE3) cells carried the fbi- 
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The apparent colmear arrangement of this group of hrp and 
ysc genes led us to inspect the E s. pv, syringae and P, $ r pv, 
tomato HipD proteins for possible similarity to the Yersinia 
spp, Y$c& proteins. The similarity between the OrpD of £ & 
pv- syringae and X pseudotuberculosis was the highest, with 
2$% of the amino acids identical and 57% similar. Hie HrpD 
and YscK proteins are of similar overall composition, and 
they lack any predicted transmembrane segments. However, 
there is a striking discrepancy between the sizes of the two 
proteins, HrpD is only 133 amino-acids long, whereas YscK 
from K pseudotuberculosis is 209 ammo-adds long. From the 
T7 experiments described above it is important to note that in 
the absence of a strong ribosome binding site, the precise ini- 



tiation codon of the hrpD ORF is uncertain; it is conceivable 
that hrpD actually initiates immediately downstream of hrp€ 7 
at the ATG codon which overlaps the stop codon of hrpC 7 
which would yield a predicted protein of 176 amino acids for 
BrpZf^ or 175 amino acids for HrpZ^ in m arrangement 
similar to that of the yscJ and yscK ORFs in Yersinia spp. 
However* this codon and all other potential initiation codons 
upstream of the one we have chosen lack ribosome binding 
sites, and the pattern of codon usage suggests that the inter- 
genie region is not translated. 

Although the similarities between BrpB/YscI, HrpD/YscK, 
and HtpEAfscL are lower than those involving HrpC/YscJ, 
the similarities of HrpB/YscI and HrpE/YscL are clearly in- 
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Pig. 6. Alignmraa of the pto&m saliences of HfpB from Pstttd&mm&s syringae pv, sgringae, H s* pv. gly&fim, and P. $. pv. jo^^, ami HrpQ HipD 
aad HrpB from P. $, pv, sydfigae arid /t i» pv, mmafa with Yscl* YscJ, YscJC and YscL from K enierucaiiswa md K pseudotuberculosis <Ntchicls et al 
1091; Runp^aiaen et aJ„ t$92X (continued on next page) 
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dkative of probable homology as based on a difference be- 
tween the scores for the optimized and the average of 100 
random Gap alignments being at leas* 5 limes the standard 
deviation for the randomized alignments {BoolMe 1986), 
The scores for HrpD/Ysc& lie at the margin of significance 
by this measure. However, the varying levels of similarity ate 
consistent with the divergence observed between Hrp proteins 
from different E syringae pathovars and between Ysc pro- 
teins from different Yersinia spp* The result for HrpB*€ and 
B laid support to the weak homology of ErpD to YseK and 
suggest that hrpB y hrp€* hrpD^ and hrpE are coiinear with 
yscl, yscls yscK, and ysdL 



In a recent report, Van Gijsegem et at (1995) observe that 
the E soimmcmnm GMI10O0 hrp cluster also encodes ho* 
mologs of YscJ and YscL but not Ysel and YscK. It is possi- 
ble that with relatively divergent Hrp sequences, simnHanUes 
with Ysc proteins may be found only after examining the se- 
quences from several plant pathogens. It is interesting to note 
that there Is no ORF following hrpB that h homologous to the 
prolan encoded by the final gene of the virC operant, YscM, 
However, the htpZ operon lies immediately upstream of the 
hrpH operon (Kg. 1), and HrpH is a homolog of YscC a se- 
cretion protein which lies upstream of ysciJKL within the 
vir€ operon (Michiels et aL 1991). This suggests that a Mg- 
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nificant proportion of the virC operon is conserved in & sy- 
ringae, albeit in a rearranged form. Bckhardt (191$) gels of 
total DNA, SouOiern-bioUed and probed with ft 0,75-fcb BstXt 
internal fragment of hrpZ$>^ suggested that the hrp genes are 
chromosomal in the tbree strains of & syringae studied, rather 
than feeing plasmid-bome as are the hrp gems of B satana- 
tea rum GMI1O0O or the ysc genes of Yetsmkt spp. (Van 
Gtjsegetn et at 1993; d&ta not sbown). He homologies of the 
hrpZ operons are summarized m Table 1 , 

Overexpression* purification and biological assay 
of HrpZ^ and HrpZf^* 

Fmialiy purified iysates of E. coli exposing HrpZ^ and 
HrpZ^ elicited a clear BR on tobacco while control ly sates 
of E. coli containing vector alone did not However the activ- 
ity of the ceil iygates on the two host plants was more am- 
biguous. Soybean is generally unreactiye to cell ly sates from 
either pathogen, while tomato is qaite sensitive and some- 
times weakly reactive not only to cell ly sates of E coli ex- 
pressing HrpZ. but also to control lysates of & coli contain- 
ing vector alone, To accurately evaluate the biological prop- 
erties of Hrp2 from each of the two patbovars, it was neces- 
sary to purify HrpZ. It was also necessary to ascertain that the 
HR observe! on tobacco was due solely to HtgZ and not to 
the products of either of the two flanking BrpA and 

HrpB t since HrpA and a ftmon protein of HrpB weie being 
expressed in addition to HrpZ by the original hrpZ^ and 
krpZpx clones. 

As a first step towards purifying HrpZ, we attempted to in- 
crease the level of expression. From the sequence of the Psil 
clones encoding hrpZ it was clear that long stretches of DNA 
encoding hrpA and the 3' end of hrpS (1,144 bp in hrpZ$^ 
pCFP2202 and 809 bp in hrpZ?^ p€FF22{)3} separated hrpZ 
from the iac promoter in pBlucscripf IL A series of deletions 
of die 5 ' end of the hrpZ^ clone were constojcied using the 
Emse-a-Base system (Ptomega), bringing (he he promoter 
within 100 bp of the hrpZ initiation codon, and removing 
hrpA, Although cell lyg&tes expressing the deleted clones re* 
tained HR. eliciting activity, they did not show a substantial 
increase in gene expression- Searching for m explanation for 
this behavior we identified a number of potential contributing 



factors. The first possibility was the presence of a exacting 
sequence contained in the 100 bp remaining upstream of 
krpZ$^> Using a terminator analysis program we identified a 
9-bp inverted repeat located between hrpA and hrpZ (Fig- 3). 
Although this repeat lacks the AX-rich sequence downstream 
which is characteristic of mmy tetminators, it is possible that 
its presence encourages premature transcription termination. 
Similar repeals, albeit with weaker secondary structure, can 
be found upstream of hrpZ? m and hrpZ^ A second factor 
contributing specifically to the low expression of hrpZ^ may 
be the absence of a strong ribosotne binding site. Finally, 
there could be factors related to the proteins themselves, such 
as a lack of stability. 

To eliminate possible cis-ading sequences and to obtain 
clones of hrpZ ni and hrpZ®^ that lack hrpA and hrpB, the 
hrpZ genes from both patl&mrs were amplified by PGR, di- 
fictionally cloned into pBluescnpt n and transformed into E. 
coU DHSce ¥*facl\ We obtained stgiuBcantiy increased ex- 
pression of HrpZ**; using the plasmid pCFP2255 (Fig, 7), but 
unexpectedly, overexpression of HfpZ^ appeared to be dele- 
tenons to the cells, and piasmids recovered from uansfor- 
manls often showed rearrangements, lb maximize expression 
of HrpZs^ under these conditions, we intmdiiced subclones 
cont&ning the gene behind Hie T7 promoter of pET2i{4-) 
(Mov&gen* Madison, WI). Unlike the iac promoter, the T7 
promoter is less sensitive to distance effect^ and expression 
of HrpZ^ in EL cofiBL21(DI3)» with pET2!(4) as the vector, 
resulted in increased expression as shown in Figures 2 and 
Expression in BOlflDES) also allowed m to retain almost 
complete repression of hrpZ until induction with WTG. Good 
expression of Hrp2^ was achieved using the plasnud 
p€FP221 1 in £ e*fi BL21(DB3), 

The quality of the samples obtained following partial puri- 
fication of the iysates by heat treatment was qatte variable. To 
ensure removal of the majority of the contaminating proteins 
and to obtain a moie concentrated sample of protein* we fur- 
ther purified HrpZ by ammonium sulphate precipitation and 
hydrophobic chromatography, which as indicated in Figure 8* 
yielded a distinct band on a Cooroassie-stained gel. Purified, 
active HrpZ could then be obtained by eiec&oelution from 
excised gel slices. This procedure was also used to isolate 



Table h HomoSogies of P$eud<mwmts syring&e pv, gyringae &rpZoperon proteins with proteins from other P. rprmgae paJhovats ar 
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* Number of amifio acid$ in Ihe protein i$ given m parentheses. 

* Percem icfeniical mi ssmil»r am^no ^ids in compaft^n witb the pv. synsgae proiein, 

* Thss fsm pair of values are the psrcenl tdemicrt Mtl ^imite amino acids in comparison with the K s. pv. syrlngw protein: il^ second are in cowpanso^ 
with '& $, pv. t&tmta. 

d The data pre^ntal too are for (he -Sorter of the two por^tial OR^ encoding A?pi5. The- la^er version of the HrpD proteins of jp. x pK syringm and 
^ ^ pv. iomcao wottld.be respectively t75 am! 176 smmu acids iong with 74/84% idcfttity/simteity to each other. 
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HrpZ from the supernaiants of R x pv. tomato and E & pv 
gfycinea grown in ib^indkidug minimal media (Ftg. 9). 
Preparation of the punned HrpZ proteins from ^ pvs, 
riflgoe, glycinea, and tomato? at a concentration of £20 |iM in 
MES buffer, were infiltrated into the leaves of tobacco, my- 
bean, &ad tomato, The three proteins elicited a collapse in- 
volving >50% of the infiltrated tissue in tobacco arid tomato 
leaves that developed within 18 h and was typical of the HR 
elicited by incompatible R syringae stratus, but they eaused 
no visible reaction in soybean. It is worth noting that tobaeco 
and tomato plants vary substantially in their sensitivity to 
hatpin preparations. For example, sonic leaves on sensitive 
tomato plants will respond to 2 to 5 pM HrpZ^ but >20 pM 
h required for consistent results. Furthermore, unlike tobacco, 
tomato plants that have responded hypersensttively to a HrpZ 
preparation do not respond to subsequent infiltrations of the 
elicitor. The spurious necroses sometimes observed were de- 
duced to result from mechanical damage incurred during infil- 
tration or die infiltration of preparations contaminated with 
salts or containing high concentrations of vector control E. 
coU lysates. These necroses developed much mom quickly 
(within 4 to 6 h) ¥ and wete much weaker and patchier than the 
confluent HE elicited by HrpZ, The fact that the HR induced 
by HrpZ in tomato and tobacco is an active response of host 
tissue was confirmed by coiiiftltration of either sodium va- 
nadate at 5~ 5 x 10 3 M of lanthanum chloride at I x 10 M. 
Each of these two inhibitors of plant metabolism completely 
inhibited the HR elicited by HrpZ preparations from each of 
the three pathovars but not the necrosis caused by the other 
factors mentioned, 



ORFs within the operon, the presence of genes downstream 
of hrpZ that are colinear with a block of genes involved with 
Yersinia virulence protein secretion, and the presence in 
HrpZf^ of a sequence related to a sequence in the FopAl 
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Fig, 8. Ov$ftxpre$sk*ft and punfction of HfpZs^ Cultures wot grown 
to an ODaoo of 0.6 and induced with 1 mM I PIG. HrpZ^ was ibea par- 
tidily purified from Che cell lysatc m a three -step process: fast, by heat- 
iteatmem at I0G°C as previously described* ttat by pj^dphadoa with 
ammonium tiptoe at 30 to 45% saturation, and finally by binding to a 
hydrophobic resin <pheittyi-se|jha3^:) at 30% ammonium satptae* A, 
Coomassic stained Sfis-polyacrytaitde get tm&s: U & c&fi 
BUttDE3Xr>£T2l*}; 2, £ o*lf BUI<DE3K|<W22t I), B, Im- 
rnunobioi of the samples shown in A, probed wills ann~Hrp2^ s anilhod- 
and visualized with goat anti-rabbit antibody conjugated with affca- 
Hne phosphatase. 



DISCUSSION 
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We h&ve used the E & pv, syringae 61 hrpZ gene to isolate 
the hrpZ locus from R s* pv. glycines race 4 and I! & pv. to- 
mato BC3Q00, Characterisation of the A^Z genes, |roduef$ T 
and flanking DNA'of these three pathovars has revealed the 
structure of the hrpZ operort, the relative variation among 
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Ttp 7, Compression of HrpZi^ m £L wU t>H5a F'facfl* Cultures 
were grown overnight at 30 C C m LM with I mM IPT<X Cell tysates 
were partially purified by heat ireaimem* separated on an SD$~ 
polyacrylaMdc gel, transferred to tmmobiloa-P, immuitoblaited with 
ami^irpZpst anybodies, and visualised with goat aDt^rabbi! antibody 
conjugated with alkaline phosphate. L&n£$L i, E. c&U DHSot Wfacfe 
<p€PP2255); 2 E coti DH5a Ffoel* (pBiusscript II). 
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Fig, 9- Prnfimtim of HrpZ^ tmm hrpj&duccd P»wd&m<ma$ syrtngm 
pv. tomata* Q&k were grown k King's broth (KB) at 30*C md then 
^suspended in hrp4Mumng mining ntedium <Huynh et sL 19S9) and 
irieubajcd M mom fempeaature overnight Cells were removed by cen- 
trifogadon and to supernatant heat-treated at 100°C for JO mint. Pro- 
teifis in (be $4ipemaiaiit were precipitated mih amuionium $at|tote at 
the pefceist saturations tiuficaied. Proteins were des&lted, coriccntratcd. 
m4 mmspended in 5 mM MBS Ccnmcon-iO tubes (Amicon), A, 
Coomassie mmm4 SDS-poiy^rylam^dc |d. Lanes: ], supernatant ex* 
tractcd with Stratackiai rt^rin (SimmgeEie): 2, heai-r.rea'cd supe^afam 
extracted wi£h Slr^clean resia (Sti^ageisc); 3, 0 to 2Q% ammoniam 
sulpb&fse ftacUort; 4, 20 to 30% amqiiomum ^il^iate; 5. 30 to 40% am- 
mantra) sylpbait; 6, 30 to 45% amirtonium sulphate. % tmmttftobfot of 
the sampks sbown in A, probed with ^mi-Brp^ antibodies and vkmU 
i£cd with goat iuiii-nabbit aiiUbody ecmf&ga&d with alkalu>c phospHa^xsc. 
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protein of the tomato pathogen R solanacearum GMXI00Q, 
We also observed that purified HrpZ^ was at least as elec- 
tive as HrpZf^ and HrpZp^ sis clicking an HR-Itke necrosis in 
the leaves of tomato, a host of R $. pv. tomato DC3OO0, 
whereas none of the HrpZ preparations elicited significant 
necrosis in soybean, the host of R pv, giyemm. 

The HrpZ proteins »f three E syringae p&thovsrs. 

A comparison of the sequences of the three HrpZ proteins 
with each other and with HR elicitors characterized from; 
other bacteria indicates that the HrpZ proteins represent a 
distinct family of eUdtors that is conserved among P syrin- 
gae pathovars, The amino acid sequences of the three proteins 
are sufficiently similar to reveal their ^elatedness* but (with 
the exception of a sequence within BrpZp^), they show no 
significant refatedness to dicltor proteins from other bacterid 
Interestingly, HrpZ is the second most divergent ORF in the 
hrpZ operons of R $, pv, syringm and R & pv T tomato* with 
only 63% of the predicted amino adds being identical Never- 
theless, HrpZ^, HtpZ^, and HipZ^ arc indistinguishable in 
several biological and physical properties. They have die 
same effect on different plants (discussed below), and they are 
heat stable, glycine-tictt, and devoid of cysteine and tyrosine. 
The lack of tyrosine is a feature they differentially shaie with 
the P. sotanacearum FopAl protein but not the Erwvm 
hairpins. This property has been speculated to allow the pro- 
tein to avoid the HsOrmediated cross-linking of tyrosine 
residues that may occur in plant cell walls during defense re- 
sponses (Btadiey et aL 1992; He e* at 1993), 

Interestingly, a 24 amino acid* glycine-rleh stretch of 
HrpZ?* shows homology to pait of PopAL as does the cog- 
nate nucleoside sequence. The region of homology between 
BrpZf^ and PopAl corresponds exactly to tie insertion in 
Hrpzl st , The insertion of this element within HrpZ^ se- 
quences that are otherwise similar among the duee HrpZ 
proteins suggests horizontal transfer and a common ancestry 
with FopAl , Because she host range of R soimtaceamm 
overlaps with that of R s* pv, tomate t it is tempting to specu- 
late that this region has some particular significance to paiho- 
genesis on tomato, although* as discussed below t this is not 
obvious from the different effects of the two proteins on tomato. 

The presence of this insert in ae&ve HrpZ^ is another indi- 
cator of the apparent plasticity of stmciufe/fomction relation- 
ships in 'these glycine-rich elicitor prt&eins, That significant 
changes to the structure of these proteins does not abolish 
their activity was previously demonstrated when a fortuitous 
hrpZfte clone was found to produce an active derivative of 
HrpZ missing the N-termlnal 125 amino acids, and the popA 
product was observed to be degraded in culture to an active 
form missing the N^erminal 93 amino adds (He et at 1993; 
Arlat et al, 1994). Clearly the presence of this "additional" 
internal sequence does not diminish the ability of the protein 
to eiicit the HR. In fact although it is difficult to make a 
quantitative assessment, HrpZ rsl may actually be a slightly 
more potent elicitor of the HR than HtpZ^ 

However, BrpZ^ appears to differ from the other HrpZ 
proteins In being deleterious to E coti cells when overex* 
pressed and is possibly more unstable, making it difficult to 
purify large amounts of the protein- Since the glycine-rich 
region is the roost obvious dilfetenee between HrpZ^ and 
HrpZ** it is possible thai it contributes to this phenomenon. 



We were able to overcome this problem experimentally by 
using a tightly regulated T7 promorer/polymer&se system, but 
never obtained quite the same level of expression we achieved 
with HrpZp^ and HrpZ^ However* there remains the obvious 
question of how HrpZ toxicity is avoided by R s> pv. tomato. 
One possibility would be that HrpZ is never expressed at lev- 
els high enough to affect the bacterium, even when it is in- 
duced in planta. Seine indirect evidence for this hypothesis is 
provided by our examination of the DNA upstream of hrpZ^t* 
The ORF has a weak ribosome binding site, and we also ob- 
served that expression of cloned hrpZ from the he promoter 
appears to be attenuated by the presence of exacting up- 
stream sequences. A §-bp GC-rich repeat upstream of hrpZ 
may be significant in this regard. Preliminary data from 
northern blotting experiments also indicate that premature 
transcription termination may take place when hrpA^hrpZ 
clones are eRpressed in K coU (Q. l*reston„ unpublished). A 
second possibility is that the location of the hrpZ gene in an 
operon with secretion genes ensures tight coupling of syn- 
thesis and secretion. Genes encoding extracellular proteins 
and secretion pathway components are often coregulated, but 
with a few exceptions involving the type I pathway, they do 
not lie within the same opeton (Fath and Kolter 1993), A 
third possibility is that R s. pv. tomato is more tolerant of 
high levels of HrpZ than is E coU, or it possesses a means of 
keeping HrpZ in a nontoxic form while k is in cell 

Further comparison with the Yersinia virulence system pre- 
sents an intriguing possibility in this regard- It has been 
shown that secretion of certain 4< Yops T * (the Yersinia patho- 
genicity determinants), involves chaperone proteins, small 
hydrophilic proteins which help keep the Top protein in a 
translocation competent form and help target it for secretion 
{Watiiau et ah 1994), Hie genes encoding each chaperone are 
located adjacent to the gene encoding the corresponding Yop, 
Given the presence of several small ORFs of undetermined 
function in the pHIRl 1 hrp cluster, it is tempting to speculate 
that one of them, particularly hrpA t might encode a protein 
with chaperone function. There is a superficial resemblance 
between HrpA and Yersinia chaperones such as SycfL They 
are all small, hydrophilic,, cytoplasmic proteins which lack a 
signal sequence, but there are no specific homologies. We are 
now constructing nonpolar mutations . to test the rote of HrpA 
in secretion, Preliminary results suggest that HrpA is not re- 
quired for & eeU M€410O(pHIRl I) to elicit an HR or secrete 
HrpZ (I, R. Alfano, unpublished), but in c hapero ne- medi ated 
systems limited secretion of a protein will usually occur even 
in the absence of its chaperone, so it may be necessary to look 
quantitatively at secretion and accumulation of HipZ to assess 
whether mutations in hrpA or other hrp genes have an effect 

The colinear relationship between several 
hrp and ysc genes. 

From the sequence of the hrpZ operon it is clear that the 
parallels with the Yersinia type IB secretion pathway extend 
beyond homologies of individual genes, The four genes 
downstream of hrpZ* hrpB^B, appear to be arranged coline- 
ariy with the region of the virC secretion opera* from 
Yersinia that encodes Yscl-L The virC operon is a large op- 
erott containing 13 genes, yscA-yscM\ several of which have 
been demonstrated to have a role in Yop secretion (Michiels 
et al 1991), Of the four Yersinia genes with putative ho- 
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moiog$ in the hrpZ operon, only y$cJ and yscL are known to 
have a role In secretion. An accompanying paper show& that 
five more &rp gene% downstream of the opcroih are 
colmear with the y$cQ-U genes in the v/rJS operon of Yersinia 
(Huang etal. 1995), 

It appears that a significant proportion of the type 01 secre- 
tion pathway described In Yersinia can be identified in R sy- 
ringae, and it seem likely that increasing parallels between 
the two systems will be found. In both system$ the secreted 
proteins are involved with early events in the infraction with 
the host, and expression of secretion genes md virulence 
proteins is tightly coregulated. The secretion pathway seems 
to function in a similar way, as in both cases secreted proteins 
lack m N-temunal signal peptide and are not posttransta* 
tionaily processed, 

HrpZ and host specificity. 

The function of HrpZ in compatible interactions is unclear. 
A likely role is the release of nutrient to the apoplast Atkin- 
son and Bate* {1987a, 19S7b) have proposed that the alka- 
Imizatioii of the apoplast caused by Hrp* bacteria (which oc- 
curs at a slower rate in compatible interactions} results in the 
leakage of suaose and other nutrients to support bacterial 
growth. One of the Itcy unanswered questions regarding the E 
syringae HrpZ proteins is their role in host specificity. Com- 
patible interactions leading to disease are distinguished by the 
absence of the HR. Host-differential elicitor activity would he 
one way to reconcile the production of HR-eliciting proteins 
by R syringae and the phenomenon of host-specific com- 
patibility, The failure of the FopAl protein to elicit the HK in 
tomato,, a host of R s&l&mcearuin GMT! 000, supports this 
concept (Arlai et ai 1994). Similarly, the isolate! R s, pv, sy- 
ringae 61 HrpZ protein Mis to elicit the HR in bean, al- 
though the significance of this is diminished by the fact that 
bean leaves-appear insensitive to any harptns (He et aL 1993), 
To further explore this question, we infiltrated all three HrpZ 
proteins into the leaves of the host plants for each of the 
pathovars. The host plants of E s. pv. syringae 61* and R s, 
pv, glycines htm and soybean, respectively, are uniformly 
unreactive to HrpZ from both compatible and incompatible 
pathogens; however, tomato leaves proved to be highly sensi- 
tive to all three HrpZ proteins. This, our data argue against 
the hypothesis that host-differential activity of HrpZ proteins 
controls the host specificity of E syringae pathovars. 

If isolated HrpZ^ elicits the MR in tomato, why does P. s. 
pv, tomato not elicit the HR during pathogenesis? One pos- 
sibility is that the response of tomato to HrpZr** is qualita- 
tively different than the response to HrpZ^ and HrpZ^ de- 
spite manifestation of the same gross morphology. That is, the 
necrosis elicited by HrpZ^ is fundamentally different than 
the HR and does not involve associated defenses that stop the 
pathogen, We are now testing this possibility with probes for 
HR-speeific transcripts. A second possibility is that BtpZ^ 
production is regulated in a host-specific manner. However, 
hrpZ is clearly pari of the Hrp reguion: hrpZ expression is 
transcriptionally linked with genes encoding components of 
the secretion pathway* the hrpZ operons in all three of these R 
syringae pathovars have virtually the same krp/avr promoter 
sequence, and expression of the hrpZ operon is likely re- 
quired for pathogenicity. The conserved promoter sequences 
suggests that the hrpZ opcron is regulated in P. s* pv, giycinea 



and R &. pv. t&mat& by the same nutritional conditions and 
HrpR, HrpS* HrpL regulatory cascade described for R &. pv, 
syringae and R s. pv. phascoiicola (Grimm and Fanopoulos 
1989; Rahme et aL 1992; Xiao et aL 1992; Xtao et aL 1994; 
Xiao and Hutcbeson 1994; Grimm et a!. 1995)- Whether dif- 
ferential expression of the Hrp reguion controls host specific- 
ky awaits determination. A third possibility is that the R sy- 
ringae pathovars produce host-spedfk suppressors of defense 
responses. This is supported by the observation that com- 
patible pathogens do not trigger defense responses in host 
plants that are elicited by nonpafchogeus (Jakobek et aL 1993). 

It is important to note that our data do not eliminate the 
possibility that the three HrpZ proteins actually have differ* 
entiai activity in host plants when delivered by living bacteria 
and that the HR observed may be an abnormal response re- 
sulting from the presentation of a high concentration of HrpZ 
in an artificial manner. In that regard, it is interesting that leg- 
umes, which appear insensitive to isolated harpins s respond to 
Hrp recombinant £, coli cells that secrete the same proteins 
<He et aL 1993), Experiments in which the hrpZ genes of R 
syring#e pathovars are switched or altered in their patterns of 
deployment should test more definitively the role of HrpZ in 
determining host speciScity. 

In conclusion, we have characterized an operon containing 
two components of the Hip* system of R syringae—ft block 
of secretion related genes that are conserved in eukaryo&c 
pathogens in the genera Pseudomonas, Xmthonotms* Br* 
winia? Yersina* Shigella, md SalmoneUa and a gene encoding 
an elidtor that is unique to plant pathogens. The elicitors 
found in the R syringae pathovars are a subfamily of a larger 
class that appears to be characteristic of plant pathogens, and 
which we postulate to have a role in releasing nutrients for 
bacterial utilization. Our challenge now is to determine how 
the various components of the Hrp system have been adapted 
to serve plant parasitism in the face of plant defenses, 

MATERIALS AND METHODS 

Bacterial strains and plasmids. 

Bacteria and pksmids used in this study are shown in Table 2 
Pseudomonads were routinely grown in King f s B broth (King 
et at 1954) at 30°C but for- certain experiments the hrp- 
dere pressing minimal medium of Buynh et at (19S9X adjusted 
to pH 5-5, was used, B, <&U was giown m IM (Sambrook et &L 
19B9) or terrific broth 0ktof md Hobbs 1987). Plasmids were 
Introduced into bacteria by transformation {Sambrook et aL 
1 9S9) or etectroporauon {Gene Pulser, Bio-Rad). 

Flant materals* 

The plants used in this study were tobacco (Nkotiana 
mbacum L ^XanthiF), tomato (byeopgrncm esculenmm 
Mill. 'Moaeymai&r*)* and soybean (Glycine max L. 
*Haro$oy s ). Plants were grown in a greenhouse or growth 
chamber at 23* to 25*0 with a photoperiod of 16 to 24 h. In- 
filtration of plant leaves with HrpZ preparations was per- 
formed with bhmt syringes as described {Huang et aL 1988). 

DNA analysis and sequencing, 

All DNA manipulations, except where specified* followed 
standard protocols (Ausubel et aL 1987; Sambrook et aL 
1989), The hrpZ region of pHIRil was subctoned into 



pBiuescript II (Huang et aL 1995). Two Ps& frag mmts of 22 
am! 2A kb from pCFF2201 and pCPF22Q0, i^pcctiveiy, were 
subctoocti into pBIuescript II SK(~) in both orientations. A 
series of overlapping nested deletions covering both strands 
was generated for each of the subclones using Brase-a-Base 
(Piofnega, Madison, Wl), The deletions were sequenced from 
doable-stranded templates min$ Sequenase version 2,0 
Biochemical Cleveland, OH) and forward and revere Ml 3 
primers. Sequencing was completed using specific primers 
synthesized by Integrated DMA Technologies (Coral vi!!e> I A). 
In addition, the 3L? m& 3.6 kb Sacl-EcoRl fragments, which 
overlap the Psil subclones from pCPF220i and pCFP2200, 
were also snhcJoned into pBMesctipi II SK(-) and sequenced 
using the ABI 373A DHA sequencer at the Cornell Biotech* 
nology Program DNA sequencing facility and : specific prim- 
ers synthesized by IDT Nucleotide and derived amino acid 
sequences were analysed with the Genetics Computer Group 
Sequence Analysis Software Package (Devereaux et &i 1984), 
Homology searches against major sequence databases were 
done with the BLAST program <Altschul et al 1990). 

FCE amplification of hrpZ from E $* pv* gfyeinm 
and & s. pv. tomato. 

The &rpZ genes of # pu gfycinea and H 5. pv, tomato 
were amplified by PGR from the plasmids pCFP22G2 and 



pCPP2203, respectively. Reactions were performed using the 
PCR Optimizer kit (Invitmgeit, San Diego, CA) according to 
ifte m&mifact&rer*$ instructions* Reactions weie overload with 
mineral oil and incubated in a Hybaid Thermal Reactor 
<Hybaid T Teddington* tLKL) using these cycle parameters: 2 
min at 94 Q C, followed by 30 cycles of I inm at 94 & C 2 wm 
at 5S*C. 3 mm at ?2°C* followed by a final incubation of 7 
min at 72*C The primers used for hrpZp^ wore 5'* 
TACGGGATCCTTTGAGGAGGTItJIXjrATG" " and 5 
TACGCTGCAGTATC Afift€AG<jCAGCA&C~%\ and those 
for hrpZ^ were 5^TAC(^Kn:CMGCAMKUKC^ 
ACAGC 3^ and 5 ^GAACTGCACSCAAGCTCCGGCGA 
TACAC-3". All. primers wot synthesized by Megr&t&d DNA 
Technologies, Inc. (CoralviMe^ IA)„ and were designed to in- 
troduce a BamHl and a Psil site at the 5' and 3' ends* respec- 
tively, of each amplified fragment 

The hrpZ^ fragment from pCPP2202 was successfully 
amplified in all reaction buffers tested. The hrpT^ fragment 
from pCPF2203 was successfully amplified using reaction 
buffer B (reaction concentration 60 rnM Tris-HCi, 15 wM 
(mUhSO^ 2 m.M MgCl 2 , pH ?CR products of the ex- 
peeled sizes of L0 and 1.2 kb were ^rifled from an agarose 
gel s digest^ with PM and BomHi clonal into pBlueseript H 
and then transformed into £♦ call DHSa F&cf, yielding 
pl&smid pCPP2255 carrying hrpZp^ Plasmids containing 



Table 2* Bacterial strains aud plasmlds used in this study 

Desipsatien Kelevrai characteristics 3 Reference or soumr 



Escherichia cats. 





ju^pB44 A&Pdlf69 (#80taZAMl5> hsMU recAl exdAl &rA96 r&M reJAl NaT 


Hanshan S 9^3; Life Tijchflote- 






gies^ inc. Grand MY 


DHSaFfcci* 




life Tc£hEK>logics Inc. 




r*cAl ^dRl? (ffe fflijt*) ^aR f-fei-t ^E44X" £yrA96 «fAI 


0L21CDB3) 


F tel& g -(r 8 A i%') dem gat DE3 


Novagcn 


Pseud&manas syringae 








WiM type 




pv, gtycinga race 4 


Wild type 


C J, Baker 


pv. #oma^o DC300G 


Wild-type* ^p" 


D, H. Ojippcls 


Plasmlds 




pBbesenptil S&B 


vector Amp r 


Straiagene 


pOCP19 




Sehwets&sr 1991 


pET2l<+) 


T7 tran^erijfaion vecuir, Amp^ 




pT7~£ 


T7 tyaiiscription v^ror, Amp^ 


T^or a«d Rtchatdsewi t9M 


LITMUS 28 


CloGisg vector, Amp* 


New ^gland Blolttbs 


pKIRl! 


25-kt? cosmid containmg A*, pv. syringm 6) ft/p cf«stcr 




pSYHlO 


hrpZp M ORF in pBiuescnpt It 


Heel of, 1993 


pcprooa 


O.S-kh PsA-Agel mbdQMs from pHIRt I , csntabmg ^rpS, in LITMUS 28 


Tim study 




1 J-kh 5all-5<icl swix;ione from pHlE 1 L co:ntalm:ng in pT7-6 


this stmfy 


pCPP2200 


pUCP19 ca^ying iO-kb partml. ia^SAl fragment «>f J* |>v, $fycim& X>HA wt^i krpZt^ 


Thk study 


pCPP2202 




This study 




orientaiioti wiih respect to 




pCPP2204 


As p€FP2202 bm wii htpZh% m reversed erteii$&ls<m to Fi^, 


This study 


pCPP2206 


ZA~kb Pstl hrpAp m md hrpZ?® subclone fr&m pCPP2202 is pBT21<^) 


This study 


pcppam 


^d-Ecf>R! A^Z^ sabefo^e fwns p€PP220Q in pBbescdpi H 


This sltidy 


peppazto 


LS5-kb Bg&hPstl hrpZtQ mbdmc from pCPP2202 pET2i(^) 


This study 


pCPF2255 


PCR -amplified hrpZ?i$ ORF m pBlxm^tipt 11 


Th& stsidy 


pCPP£201 


pUCPI9 cairying 10-^> fmgmemt of P. x pv. umwio DNA with krpt m 


This stiidy 


p€PP2203 


f jiI subdone of |CFP220I in pB^aesE^ri^ II; hrpAp^ and hrpZ^ in expres^U od- 


Thb study 








pCPP22Q5 


As pCPP2203 but with isi reversed onen&fkm to P^ 


This nxxty 


PCPP220? 


2.24cb htpZpH mbclw& fmm pCPTOOS in pET21{^) 


This study 


p€PP22G9 


3 J+kb Sacl-Ec&Rl subebne from. pCFP2201 combining hrpBCOB^ In pB^ttm^dpt U 


This smdy 


pCPP2304 


Xl-kb Sarf-EceVa subctoe from pCPP2209 In LITMUS 2$ 


This $tudy 


pemzt i 


t$4& Bgttl-PMl hrpZ?® snbdoae from pCPP2a03 in pET2!(+) 


Thjs study 


* Amp*~ gmpscillm resistance; Naf ^ nalidixic add resistance; Rp ; - dfampicin resisl&nee. 
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FCR-amplified hrpZ$># were found to be unstable and ap- 
peared to promote cell lysis, 

HrpZ purification aod analysis. 

HipZ was purified from K mM as previously described {He 
ti ai 1993) with the MIowbg modifioitions. Cells were 
lysed m either 5 mM 2~{N-motpbo!ino) elhariesulfonic acid 
(MBS), pH 5,5, or cell lysis buffer (50 mM Tris-Ha 1 mM 
BDTA, 100 mM NaCL pH 8.0), For some experiments Ihe 
supernatant from heat-treated ly$at£ was partially purified af- 
ter soTue&tion by ammonium sulphate precipitation (25 to 
45% saturation), with desalting and concentration being per- 
formed with Centrieoo-10 tubes (Amicoii). For experiments 
requiring highly profied HrpZ expressed in K c&U 
BL2l(DE3% the supernatant was further purified by binding 
to phenyl-sepharose (Sigma) in the presence of ammonium 
sulphate (>30% saturation) and efcttion with 5 mM MES, pH 
5,5, followed by electrophoresis thraugh a native 15% poly- 
acrylamide gel The purified protein was the^i ehited from 
excised gel slices using m Ehnrap apparatus (Schleicher & 
Schusil) or from crushed gel slices using a Micropore separa- 
tor (Armcon). Protein concentrations were determined using 
Bio-Kad protein assay solution* HrpZ was also purified from 
heat-treated supernatants of R syringae grown m hrp- 
inducing medium (Hyynh et ai. 1989) by ammonium solpha^ 
precipitation (25 to 45% saturation) and desalting/con- 
centration using Centiicon^IO tubes, For mffiraiion into plant 
tissue, HrpZ preparations were diluted to various degrees with 
SmM MES, pH 5,5. The amino-terrmnal sequence analyses 
were performed at the Cornell Biotechnology Program Pro- 
tein Analysis Facility (HrpZ^g) and the University of Ken* 
lucky Macrornoiecute Structure Analysis Facility (HrpZ^ 

T7 expression and labeling of prolans in B+ wiL 

Proteins encoded by the HrpZ operon were expressed in & 
coli BL21{DB3) by using the pBT21(+) 17 expression system 
(Novagen). Conditions for isopropyi*P-D4hiogalac- 
topyrartoside (IPTG) induction of 17 UNA polymerase* 
d&pmdmt expression and labeling with L-PS]methionine 
were as described by Studier et al (1990), After being la- 
beled* cells were collected by centrifugaiion and then resus- 
pended and iysed in SDS4oading buffer and the proteins re- 
solved on an SDS-poiyacrylamide gel. Gels were stained, 
dried and exposed to Kodak X-ray film, 

Nucleotide sequence accession numbers. 

The nucleotide sequences reported in this paper have been 
deposited in Gen Bank under accession numbers L4IS61 (E 
syringae pv, tomato hrpA, HrpZ* hrpB, hrpC^ hrpD, hrpE), 
L41S62 (R syrmgm pv. glycines hrpA, HrpZ, hrpB% L41863 
(R syringae pv* syringae hrpA% and L4.1864 (R syringae pv. 
syringae hrpB% 
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1 Introduction 

in nature plants are resistant to the majority of pathogens, and many bacteria live 
in close contact with the plant without causing any harm {see chapter by Beatte 
and Lindow in this volume). Among the 1600 different species known in the 
bacterial kingdom only a small number (about 80) are plant pathogenic and in 
most cases highly specialized with respect to the plant that can be attacked. Only 
a few of these species are gram-positive, e.g., Clavibacterssp. and Streptomyces 
ssp. In this review I focus on subspecies of the gram-negative genera Erwinia, 
Pseudomonas, and Xanthomonas, which comprise the major bacterial plant 
pathogens. 

To be a successful pathogen the invading bacterium has to overcome the 
plant's defense. During evolution plant pathogenic bacteria have acquired multi- 
ple functions that enable them to coionize and multiply in living plant tissue, \v\ 
nature, bacteria enter the plant through natural openings {stomata, hydathodes) or 
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wounds. The bacteriai armory contains a number of weapons that contribute to 
pathogenicity. Obvious examples include degradative extracellular enzymes such 
as pectinases, celkilases, and proteases. When the corresponding genes are 
mutated, bacterial ability to invade plant tissues is more or less affected depend- 
ing on the pathogen, i.e., these functions contribute to and modulate develop- 
ment and severity of infection to different extents {see chapters by Dow and 
Daniels, and Collmer and Bauer in this volume). 

In addition, phytopathogenic bacteria possess a large number of genes 
needed for basic pathogenicity. These genes have been operationally defined as 
hrp (hypersensitive reaction and pathogenicity; Lindgrhn et aL 1986) based on 
their mutant phenotype. hrp genes are not only essential for pathogenicity on a 
plant le., the ability to cause disease in a compatible interaction, but also for the 
incompatible interaction with resistant host varieties or with plants that are not 
normally a host for the particular pathogen (so called non-host). The incompatible 
interaction is often associated with the induction of a hypersensitive reaction {HR} 
in the plant, in contrast to the use of the term hypersensitivity in the animal field, 
in plants the HR is a rapid defense response involving localized plant cell death, 
production of phenoiics and antimicrobial agents, e.g., phytoalexins, at the site of 
infection {Kiemenjt 1982; Undsay et at 1993). The HR results in prevention of 
pathogen multiplication and spread and thus in prevention of disease develop- 
ment. Under natural infection conditions the HR is microscopically small and can 
be induced by just one bacterial cell. Only when bacteria are introduced into plant 
tissue at high cell densities in the laboratory {about 10 7 colony forming units or 
more/ml) is the HR macroscopically visible as confluent necrosis and can be 
clearly distinguished from typical disease symptoms. It is important to note 
that saprophytic or nonpathogenic bacteria such as Escherichia coiior Pseudo- 
monas fiuorescensdo not induce the HR and are unable to multiply in planttissue. 



2 Isolation of hrp Genes and General Features 

hrp genes have been isolated from aH major gram-negative plant pathogenic 
bacteria except Agrobacterium. There are excellent reviews that describe the 
early work or focus more on one particular pathogen (Willis et at. 1991; Boucher 
et aL 1 992). The majority of hrp genes have been identified by complementation 
of ioss-of-function mutants. Mutants obtained by random chemical (e.g., N- 
methyl-ZV-nitro-W-nitrosoguanidine) ortransposon mutagenesis of a pathogenic 
wild-type strain were inoculated into the host plant and screened for loss of both 
the ability to cause disease in susceptible plants and to induce the HR in resistant 
host or non-host plants (often tobacco}. The second criterion for the isolation of 
genes specific for the plant interaction was to ensure that the mutants would still 
grow in minimal medium. This way mutants affected in genes for basic 
housekeeping functions were eliminated, Athird characteristic of all hrp mutants 
is that they are unable to grow in the plant. 
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The hrp genes were originally described for the bean pathogen Pseudo- 
moms syringae pv. phaseoficoia. Ljndgren and coworkers (1986) isolated Tn5- 
induced mutants of Es. pv. phaseoficota that had lost both the ability to induce 
halo-biight disease on bean and the HR in tobacco. Complementation with 
cosmid clones from a genomic library of the wi id-type strain resulted m isolation 
of a clyster of hrp genes localized in a 20 kb DNA region. This was the first 
indication that both the ability to cause disease and to induce the HR are mediated 
by common steps in a "pathway". 

Since then hrp gene clusters have been cloned from a number of different 
bacteria. Examples include Pseudomonas solanacearum (Boucher et al. 1987; 
Fig. 1 B), the Xanthomonas campestris pathovars campestris and vitians (Arlat et 
aL 1991K transtucens <Waney et al. 1991), and vesicatoria {Bonas et al 1991; 
Fig. 1 A), Erwinia amyfovora {Steinberger and Beer 1 988; Barmy et aL 1 990; Walters 
et aL 1990; Baues and Seer 1991), and several other pathovars of P syringae 
(e.g., Huang et al. 1988; LiMDGRENetaL 1988; Fig. 1C). In addition, genes with DNA 
homology, and in some cases functional homology, have been isolated from 
other species, e.g., the so-called wis genes from E stewanii {Copim et aL 1992; 
Laby and Seer 1992), and a region containing pathogenicity genes from X.c. pv. 
glycines that complement hrp mutants of X.c pv. vesicatoria (Hwang et aL 1992; 
Bonas, unpublished results}. Interestingly, nonpathogenic xanthomonads that 
were originally isolated from diseased plants as opportunists together with 
pathogenic bacteria do not contain fr/p-related DNA sequences (Stall and 
Mjnsavage 1 990; Bonas et aL 1 991 ). In Agrobacterium tumefaciens or in strains of 
Bhizobium ssp. there seem to be no hrp gene equivalents present (Bonas et al. 
1991; Laby and Beer 1992). This conclusion is based on DNA hybridization 
experiments and, of course, does not exclude the presence of genes with 
functional homology to hrp genes in these species. 

In ail of the cases mentioned above, the hrp genes are organized in clusters 
of 22-40 kb, and I will restrict most of this chapter to these large hrp clusters, in 
addition, several smaller hrp tod have been described that are not linked to the 
large cluster present in the same bacterium. These include a region in P. 
solanacearum (Huang et aL 1990), the hrpX locus that is conserved in X 
campestns pathovars caropesfr/sfKAK/iouNand Kado 1990; KAMouNetai. 1992}and 
oryzae (Kamdar et aL 1 993), and the hrpM locus in P,s. pv, syringae (Niepold et aL 
1985; M U khgpadhyay et aL 1988). hrpM is functionally conserved in pathovar 
phaseoficoia (Fellay et aL 1991). Besides being nonpathogenic and unable to 
induce the HR in tobacco, P. syringae hrpM mutuants are also affected in mucus 
production. The hrpM locus encodes two putative proteins which are similar and 
have been shown to be functionally homologous to the products of the E coii 
mdoGH operon (Loubens et aL 1993). The mdoGH genes are required for 
periplasmic membrane-derived oligosaccharide synthesis in E coii. The hrpQ 
and hrpTgenes from Es. pvl phaseoficoia (Milled et aL 1993) will be discussed 
later in this chapter. 
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3 Structural Organization and Retatedness of hrp Clusters 

Genetic studies using transposon-induced insertion mutants in the respective 
bacterial w^d-type strains revealed that the hrp clusters contain at least six to 
eight complementation groups \F\g. 1h Sonne ftfpgene clusters have clearly been 
shown to be localized in the chromosome, e.g., in P.s, pv. phaseolicoia (Rahme et 
aL 1991) and in X.c. pv. vesrcatoria {Bonas et ai. 1991), whereas in P. solans- 
cearum, the hrp cluster is on a megaplasmid (Boucher et ai. 1987), 

Striking similarities have recently been found between the hrp genes of 
pathogens belonging to different genera. The first indication of homologies came 
from Southern hybridization studies. DNA homoiogy was observed among dif- 
ferent strains of the same pathovar, as well as between pathovars or strains 
within a species, and in some cases also between species. However, the degree 
of conservation varies. DNA homology is hrgh within pathovars of a given 
subspecies, e.g., in P. syr/ngae {Lndgken et al. 1938; Huang et aL 1991} and in X. 
campestris (Bonas et aL 1 991}. The latter studies were recently extended by PCR 
using primers based on hrp sequences from X a pv. vesicatoria (Lore et al. 1994). 
Furthermore, at least some regions of the hrp clusters appear to be conserved on 
the DNA ievei between P. sofanacearum and pathovars of X campestris, P. 
syringae, and also to £ amylovora {Boucher et al 1987; Arlat et al. 1 991 ; Gough 
et ai. 1992; Laby and 8eer 1992). In addition, cross-complementation within a 
subspecies indicated a high degree of functional conservation of hrp genes {e,g., 
Lindgren et al. 1 988; Arlat et aL 1 991 ; Bonas et ai. 1 991 ; Laby and Beer 1992). Due 
to sequence data it is now becoming more and more apparent that several hrp 
genes are conserved in ail major gram-negative plant pathogenic bacteria (see 
below}. Whether there are hrp genes that are clearly pathovar-specif ic can only be 
answered when complete sequence information becomes available for several 
hrp clusters. 



4 Function of hrp Genes in Xanthomonas campestris pv. 
vesicatoria and Other Plant Pathogenic Bacteria 

DNA sequence analysis of the hrp genes has revealed some important clues to 
their possible biochemical functions. One of the first genes sequenced was a 
regulatory gene, hrpS, from Rs + pv. phaseolicoia {Grimm and Panopoulos 1989). 
This gene as well as hrpB, a regulatory gene from P. sofanacearum (Genin et aL 
1 992), will be discussed below in the context of gene regulation. 

Since hrp genes are environmentally regulated (see below), it was believed 
for a while that they would be encoding "alternative" proteins required for 
adaptation of the bacterium to the plant as the preferred environment. The 
recently discovered sequence similarities between several putative Hrp proteins 
and known proteins from other bacteria, however, led to a very different hypo- 
thesis, namely, involvement of Hrp proteins in protein secretion. We have 
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sequenced the entire hrp clyster of X.a pv. vesicatoria. Since most hrp se- 
quences from this and other bacteria are not yet published, 1 will summarize our 
results and refer to the other phytopathogenic bacteria as \ go along. Based on 
genetic analyses and the open reading frames (ORFs) with a high coding prob- 
ability we predict 21 hrpgems in the 25 kb hrp cluster of X.c. pv, vesicatoria. Their 
transcriptional organization is depicted in Fig,1A. The loci hrpA and hrpB are 
transcribed from right to left; the other four loci are transcribed from left to right 
(Schulte and Bgmas 1992a). According to the locus ihrpA-hrpF) we have num- 
bered the ORFs consecutively, The hrpA locus appears to contain just one hrp 
gene, hrpAI. The hrpB operon contains eight ORFs f cailed hrpBl-hrpBS, etc. A 
region of about 4 kb between hrpE and hrpF does not seem to be involved in the 
interaction with the plant because insertions in this region do not lead to a change 
in phenotype {Somas et al. 1991). 

What are the characteristics of the Hrp proteins? It should be noted that, 
except for three proteins, expression of the other 1 8 has yet to be demonstrated 
in X.c. pv. vesicatoria, A number of putative Hrp proteins are most likely asso- 
ciated with or localized in the bacterial membrane. For example, the HrpC2 
protein sequence contains eight transmembrane domains but lacks a signal 
sequence, suggesting an inner membrane localization (Fenselau etai. 1992). Both 
HrpA1 and HrpB3 contain an NH^-terminal signal sequence and one (HrpA!) or 
two (HrpB3) transmembrane domains, suggesting that a part of these proteins 
might be targeted to the outer membrane. The signal sequence of HrpB3 
resembles signal peptidase II sequences which are typical of lipoproteins 
(Fenselau et at. 1992). Experiments using radioactively labeled pa^mitate are 
underway to test whether HrpB3 is a lipoprotein. Recently, both HrpB3 and 
HrpA1 were shown to be localized in the X.c. pv. vesicatoria membrane fraction 
using polyclonal antibodies {S. Fenselau, C, Marie, and U. Bonas, manuscript in 
preparation}. The HrpB6 protein is a putative ATPase with highly conserved 
nucleotide and magnesium binding domains. It is more similar to protein traffic 
ATPases than to proton pump ATPases, and the lack of membrane spanning 
domains suggests a cytoplasmic location {Fenselau et al. 1992). 

Searches of the database revealed sequence reiatedness of more than half of 
the X.c. pv. vesicatoria Hrp proteins with putative proteins in other bacteria, 
including different plant pathogens. High DNA sequence identity {more than 
90%) was found to a 2.7 kb fragment carrying pathogenicity genes from X.c. pv. 
glycines (Hwang et al. 1 992). The authors predicted two ORFs, whereas in X.c. pv. 
vesicatoria, this region contains three ORFs corresponding to the hrpC3 f hrpDl 
and hrpD2 genes. Complementation studies indicated that part of the hrp region 
is colinear in the two pathovars of Xanthomonas (unpublished). 

The deduced amino acid sequences of hrp genes published from 
P, soianacearum (Gough et al. 1992, 1993; Gm\H et al. 1992) show significant 
similarity to X.c. pv. vesicatoria proteins (Table 1; Fig 1 ), One exception is the 
hrpB regulatory gene from P. soianacearum which is not present in the 25 kb hrp 
region or in the flanking region of the Xc. pv. vesicatoria hrp cluster as determi- 
ned by DNA sequence analysis and hybridization studies (T. Horns and U Bonas, 
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sicatoria. Since most hrp se- ^ unpublished}. Furthermore, several of the proteins mentioned are conserved in 

jublished, I will summarize our ^ other species {Fig.l), however, the degree of sequence similarity varies greatfy 

icteria as 1 go along. Based on (Table 1 ). The HrpAl protein from Xc pv. vesicatoria is 48% and 29% identical to 

)RFs) with a high coding prob- proteins from P. soianacearum {HrpA; Gough et ai. 1992} and P.s. pv, syringae 

terofXc. pv. vesicatoria.Their ^ (HrpH; Huang et al 1992) P respectively. HrpC2 from X.c, pv. vesicatoria is even 

The loci hrpA and hrpB are more conserved, being 68% identiai to the corresponding HrpO protein of P. 

■e transcribed from left to right soianacearum {GouGHeta\. 1993), whereas the hrp/genes from E. amylovora (Wei 

js (hrpA-hrpf) we have nunv and Beer 1994) and from P.s. pv. syringae (Huang et al. 1993) both show 62% 

ppears to contain just one hrp ^V:- ■ similarity to hrpC2 from X.c. pv. vesicatoria. P.s. pv. s]OT?gae also contains a 

Fs, called hrpB1-hrpB8, etc. A hrpB3 related gene, cabled ftrpK and a hrpD2 related gene, firpl/VIR-C. Huang, 

not seem to be involved in the personal communication). Thus, the high degree of DNA sequence conservation 

i region do not lead to a change that was reported earlier (see above) is also seen on the protein level It appears 

U./-- that hrp genes in X.c. pv, vesicatoria are more closely related to P. soianacearum 

ems? It should be noted that than to P, syringae and to Erwinia. As more and more homologous hrp genes are 

1 8 has yet to be demonstrated found in other bacteria nomenclature might become confusing. However, as long 

proteins are most likely asso- as the genes have not been shown to be functionally homologous, we will 

me. For example, the HrpC2 continue to use these names. 

e domains but lacks a signal Besides genes that are conserved among the major phytopathogenicbacte- 

tion (Fenselau et al, 1 992). Both :;vv; ria some genes are absent in the hrp region of more distantly related species. For 

sequence and one (HrpAD or example, there are no known homologs of the harpin genes hrpN (We; et ai. 

g that a part of these proteins 1992a}, and hrpZ{Ht et al 1993) (see below), and of frrpjfrom Ps. pv. syringae 

e signal sequence of HrpB3 (Huamg et ai. 1993) in the Xc. pv, vesicatoria hrp cluster (unpublished; see Fig. 1). 

:h are typical of lipoproteins Similarities of 50%~60% were found recently between HrpAl and Hrp83 

actively labeled palmrtate are from X.c. pv. vesicatoria and two putative No! proteins of Rhizobium frectf/thatare 

in, Recently, both HrpS3 and encoded by a cultivar specificity region. NolT and NolW mutants have a wider 

vesicatoria membrane fraction host range in nodulation of soybean (Mgjnhardt et at. 1993). In addition, the 

} t and U. Bonss, manuscript in * - authors mention that release of proteins is affected. 

TPase with highly conserved Last but not least, Table 1 summarizes the significant sequence similarities 

more similar to protein traffic which have been found to proteins from animal bacterial pathogens. A number of 

5 lack of membrane spanning putative Hrp proteins are related to proteins in animal pathogens such as 

>u et at 1992). ^ , Salmonella, Shigella, and Yersinia ssp. Since the first similarities found were to 

elatedness of more than half of . the Ysc, Vir, and Lcr proteins from Yersinia ssp, this group of organisms became 

ve proteins in other bacteria, a "role model" for plant pathologists (Fenselau et al. 1992; Gouoh et ai. 1992; 

sequence identity {more than io,V Huang et all 992). In Yersinia, these proteins are essential for, the secretion of 

hogenicity genes from X,c. pv, ; ' virulence factors, called Yops {Yersinia outer protein; Michiels et al. 1990, 1991}, 

I two ORFs, whereas in X.c. pv. Since they are described In detail in the chapter by G JR. Cornells, I will mention 

^ponding to the hrpC3, hrpDl only a few important features. The Yops are hydrophilic proteins that lack a typical 

ated that part of the hrp region NH^terminal signal peptide, and are secreted by using an entirely different 

unpublished). pathway from that previously described for protein secretion. The genes involved 

hrp genes published from in secretion are clustered on a 70 kb virulence plasmtd. In case of a mutation, e.g., 

i et ai. 1992) show significant in Yscj, the Yops accumulate in the cytoplasm ([\taias et ai. 1991). Although 

; Fig.1). Oneexception is the m- their direct roie in transport has yet to be demonstrated, it is believed that the Ysc 

i is not present in the 25 kb hrp p; rf, and Lcr proteins mentioned in Table 1 are parts of a special transport apparatus 

icatoria hrp cluster as determi- -Y^- for Yop secretion. Similarly, Shigella flexneri secretes virulence factors, called Ipa 

tudiesfT. Horns and U, Bonas, p -i (invasion plasmid antigens), that are distinct from Yops but share the general 
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Fig. 2. Hypothetical model of ce!J signaling between gram-negative bacteria and pfams indicating the 
proposed function of Hrp proteins as an apparatus for protein secretion. The model has been modified 
after Tenselau et a!. (1392K Hrp proteins may form a tunnel that enables the export of molecules such 
35 wiience factors or swluence facrors Seading to either a hypersensitive response <HR) of disease. 
These factors could be encoded by hrp genes or genes unli nked to the large cluster. Both lypes of genes 
have been found to encode elidtors of the HR (see text). The secretion of virulence proteins ts 
hypothetical 



features mentioned above (Hale 1991: and see chapter by Parsot, this vokimel 
Although $. typhimurium appears to possess a secretion system similar to that 
i n Shigella, secreted invasion antigens have not yet been identified (Groisman and 
Gchman 1993; see chapter by Fsni.ay). As unpublished reports indicate that more 
and more genes in the animal pathogens are conserved, the data shown in Table 
1 will soon be out of date. Proteins from other bacteria, e.g., E coll, Bacillus, 
Caulobacter and from the mop region in £\ carotovora (Mulholland et aL 1993), 
have also been found to be similar to Hrp proteins {Tabic 1). Most of these are 
important for the assembly of the flagella, motility, or chemotaxis, again pointing, 
in my opinion, to a specialized secretion system rather than an involvement of hrp 
genes in chemotaxis. 

These observations led us and others to propose a frrp-dependent secretion 
system in plant pathogenic bacteria {Fenshlau et aL 1 992; Gough et aL 1 992; Van 
Gijsegem et aL 1993}. A model is shown in Fig. 2 and raises certain questions, 
e.g., if secretion occurs, what is being secreted by plant pathogenic bacteria? So 
far, a few proteins have been identified as eiicitors of the HR but there is no 
evidence for secretion of virulence factors (see below). 
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An importantfeature of the isolated hrp clusters from both E amyiovora and P.s. 
pv. syringae is the ability of E coli or Pseudomonas fluorescens transformants 
containing the cloned genes to induce the HR on tobacco {Huang et al. 1 988; Beer 
et aL 1991 ; see below}. This has prompted to search for the HR-inducing activity 
within the respective gene clusters. 

The first bacterial HR-inducing protein identified, designated harpin, is a ceil 
envelope-associated protein encoded by the hrpN gene of E. amyiovora, a 
pathogen of pear and apple (Wei et aL 1992a). This harpin^ is a giycine-rich and 
heat-stable protein that induces the HR in the norvhost, tobacco. The hrpNgene 
is localized within the respective hrp duster and thus has a dua! role in also being 
required for pathogenicity on the normal host plant. Its function in pathogenicity, 
however, is unknown, BEERetaL 0993) mentioned in a preliminary report that the 
hrpN gene seems to be conserved among Erwinia ssp. but that there is no DNA 
homology between hrpNand sequences in the other plant pathogenic bacteria. 
Although data described below suggest that the harpin^ protein might be 
secreted via the Hrp secretory apparatus, there is no published information 
available that demonstrates this. 



5.2 Harpin from Pseudomonas syringae pv. syringae 

Using an elegant approach He and coworkers recently have identified harpin p&s , 
which is encoded by the hrpZ gene in the bean pathogen P.s, pv. syringae (He et 
aL 1 993; see Fig. 1 C and chapter by Coilmer and Bauer}, Lysates of E coil cbnes 
containing an expression library, made using the cloned P.s. pv. syringae hrp 
duster, were directly screened for HR-inducing activity on tobacco leaves. Two 
proteins were identified, one of which was an NH^terminal deletion of harpin Pss 
with even higher activity than the full size protein. Whether or not processing 
occurs in natural infection is not clear, interestingly, two short direct repeats in 
the COOH-terminus of harpin^ are essential for eiicitor activity. Although the two 
harpins harpin^ and harpin Pas differ in their primary sequence, they have several 
features in common, e.g., a stretch of 22 amino acid that is similar in both proteins 
(He et aL 1993). Harpin^ is also giycine-rich and heat-stable. As with harpin^ of 
E amyiovora, the function of harpin^ in pathogenicity is unknown. Its product is 
secreted by Rs. pv, syringae m a HrpH-dependent way; HrpH is highly related to 
proteins involved in secretion in other plant and animal pathogens (Huang et al, 
1992; see Table 1). 
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5*3 Pop A from Pseudomonas solanacearum 

An HR-inducing protein has been identified end characterized from P. solana- 
cearum culture supernatants, called Pop {Pseudomonas out protein; Arlat et al 
1994). PopAl and two shorter derivatives, PopA2 and PopA3, induce the HR in 
tobacco and in certain, but not ail. Petunia lines. Like the harpins, the Pop 
proteins are also heat-stable and glycine-nch, however, the sequence is entirely 
different, in contrast to the harpins, the popA gene is not a hrp gene but is 
located outstde of the large hrp cluster, interestingly, expression of popA is hrpB- 
dependent, i.e., the gene is part of the /wpregulon. Mutations in popAdo not 
affect the HR on tobacco or pathogenicity on tomato suggesting that more than 
one HR-inducing factor is produced. Arlat et al (1994) convincingly showed that 
secretion of PopA is dependent on other hrp genes, such as hrpA, hrpN, and hrpO 
(fig. 1 B). If a bacterial strain viruient towards Petunia is found it will be interesting 
to see if PopA acts as an avirulence protein in Petunia as has been suggested by 
the authors. 

These exciting findings prove that certain Hrp proteins of P.s. pv. syringae 
and P. solanacearum play a role in transport of HR elicitors (Fig. 2}. They also 
stimulate more questions, It needs to be shown that harpins and PopA are in fact 
secreted when the bacteria interact with the plant (the hrp genes were induced in 
vitro). Are harpins conserved among pathovars of P, syringae! How many 
elicitors of the norvhost HR in tobacco can be found? Is the mechanism of 
recognition in tobacco identical with the Erwiniamd P,s. pv. syringae harpins and 
the P. solanacearum Pops? 



6 Regulation of Expression of hrp Genes 

Expression of hrp genes is controlled by environmental conditions and has been 
studied on the RNA leve! as well as using transcriptional fusions to reporter genes 
such as the £ co//genes encoding p-galactosidase or ^glucuronidase. In general 
expression of hrp loci is not detectable when the bacteria are grown in complex 
culture media. However, aftergrowth of the bacteria in the plant, hrp genes are 
expressed. Attempts to mimic the conditions that the different bacterial species 
encounter in the plant tissue resulted in the finding that growth in minimal media 
without any plant-derived factor was sufficient to induce hrp genes. This has led 
to the speculation that the bacteria have.to experience some kind of starvation 
conditions for full expression of hrpgems. One of the first indications for hrpgem 
expression in vitro, and clearly a breakthrough, was a report on the ftrp<tependent 
expression of an aviruience gene from the soybean pathogen P.s. pv. giycinea 
(HuYNHetal. 1989). 

Since the composition of minimal media differs depending on the bacterium 
studied, the most important findings will be summarized for representative 
pathogens. Parameters like carbon source, concentration of organic nitrogen and 
phosphate, osmolarity, and pH have been found to be important. High con- 
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centration of organic nitrogen generally appears to suppress hrp gene activation. 
Only two regulatory genes have been studied so far (see below}. Interestingly, 
they both belong to different families of regulatory proteins. 



6.1 Pseudomonas syringae 

Expression of all seven hrp loci in the large cluster of P.s. pv, phaseoiicoia is 
suppressed in complex medium but induced in the plant. Induction occurs in the 
susceptible host plant as well as in the non-host, tobacco, suggesting that there 
is no plant species-specific molecule involved in control of host range (Rahme et 
al. 1992). Five complementation groups, hrpAB, hrpC, hrpD r hrpE and hrpF, can 
also be induced in M9 minimal medium containing sucrose as a carbon source, 
however, induction is affected by pH, osmolarity, and carbon source, and never 
reaches the levels obtained in the plant {Rahme et at. 1 992). A similar observation 
was made earlier for the avirulence gene avrB in P.s. pv, glycines. Induction 
occurred in a minimal medium containing fructose, mannitol, or sucrose. 
Expression of avrB is dependent on hrp genes homologous to hrpRSand hrpi 
from P.s. pv. phaseoiicoia and was suppressed by TCA cycle intermediates such 
as citrate and succinate (Huvnh et at. 1989}. hrp gene expression in Ps. pv. 
syringae occurs in the same medium as described by Huynh et ai. {1989}; (Huang 
etal. 1991; Xiao etaL 1992). The authors showed hrp gene induction in the non- 
host plant, tobacco, but no data for the host plant. The P.s. pv. phaseoiicoia loci 
hrpL and hrpRS are only expressed to a very tow level in M9 minimal medium and 
are induced at least 1 000-fold when the bacteria are inoculated into the plant. This 
led to the conclusion that at least for expression of hrpL and hrpRS, specific 
plant factors might be necessary (Rahme et aL 1992). 



6.2 Regulatory Genes hrpRS and rpoN of 
Pseudomonas syringae pv. phaseoiicoia 

The results on environmental factors inducing or suppressing hrp gene 
expression suggested that specific regulatory genes are involved in the control of 
hrp promoter activities, At least two loci are involved in positive regulation of the 
other hrp loci of P.s. pv. phaseoiicoia hrp cluster {Fellay et aL 1991). While there 
is no information published for hrpL y hrpRS has been sequenced, it contains two 
genes whose predicted protein products are 60% identical to each other (grimm 
and Panopoulos 1989; Miller etal. 1993). The HrpS protein is similar to members 
of the NtrC family of regulatory proteins in gram-negative bacteria. Most NtrC- 
fike regulatory proteins are members of two-component systems, with a sensor 
protein that in turn activates a response element by phosphorylation of a site in 
the conserved NH 2 -termina! domain (Albright et al. 1989). The putative sensor 
component operating in hrp gene regulation has not been identified. It is 
postulated that HrpS is the activating protein, however, direct biochemical data 
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have not been presented, The lack of a typical NH^terminai domain in HrpS could 
indicate that a different mechanism may be involved in HrpS activation. 
Apparently, hrpS-related sequences are also present in other bacteria, e.g., in P.s. 
pv. syringae {Heu and Hutcheson 1993} and in Erwinia amy fovora {Beer etal 1993). 
E. stewartii contains a transcriptional reguJator, WtsA f with 52% identity to HrpS 
of P.s. pv. phaseoiicoia. The hrpS clone, however, was unable to functionally 
complement a wtsA mutant (Frederick et al 1993). 

The structure of the hrpRS locus and the finding of -24/-12 consensus 
sequences upstream of hrpRS indicated a possible role in transcriptional acti- 
vation for transcription factor sigma 54, encoded by rpoN {Grimm and Panopoulos 
1939). In a preliminary report, Felley et al. (1991) demonstrated that hrp gene 
expression in P.s. pv. phaseoiicoia is indeed dependent on rpoN, A rpoA/mutant 
of P.s. pv. phaseoiicoia is a glutamine auxotroph and nonpathogenic. Whether 
rpoN is generally involved in regulation of hrp gene expression is not clear. In 
X.c. pv. vestcatoria, rpoN is clearly not involved in hrp gene expression 
and pathogenicity (T. Horns and U. Bonas, manuscript in preparation). 

Recently, Miller et al. (1 993) have reported the identification of two new loci, 
hrpQ and hrpT t from P. s. pv. phaseoiicoia that affect activation of hrpHS in trans. 
However, since hrpRS'is strongly induced in plants while both hrpGand hrpTare 
constitutive^ expressed, there must be more factors involved in hrp gene 
regulation, Strains carrying mutations in either hrpQ or hrpT are amino acid 
auxothrophs (methionine and tryptophan). hrpOami hrpTare probably involved in 
methionine and tryptophan biosynthesis, respectively (Miller et aL 1993). As 
stated above, such mutants would normally have been eliminated from the hrp 
mutant analysis. 

6.3 Conserved Sequence Boxes in Pseudomonas syringae 

A conserved sequence, the so-called harp box (TG(A/QAANC, Fellay et aL 1 991 ), 
upstream of four hrp loci in P. s. pv. phaseoiicoia, was suggested to be involved 
in positive regulation of expression. Similar motifs were described for the 
promoter regions of several P syringae avirulence genes, the expression of 
which is dependent on hrpRS and on rpoN (Huynh et al. 1989; Salmeron and 
Staskawicz 1993; Iwnes et al, 1993; She& and Keen 1993}. These studies led to a 
revised 'harp' box sequence {GGAACCNA). its significance in protein binding has 
not been shown but avrD promoter constructs lacking the harp box are no longer 
inducible (Smen and Keen 1 993). A harp box-related motif was also found upstream 
of transcription unit 3 in P. solanacearum (Gough et aL 1 993), 

There is no harp box sequence in Xanthomonas /up gene promoters. Another 
sequence motif that occurs in the promoter region of hrp ioci m X. c. pv. 
vesicaforia was recently identified. This "PIP" {plant-inducibie promoter} box 
has the sequence TTCGC-N1 5-TTCGC and occurs upstream of the -35 
consensus sequence in four out of six hrp promoters {S, Fenseiau and U. Bonas, 
unpublished). Experiments are underway to test whether this is a protein 
binding motif. 
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6.4 Xanthornonas campestris 

Expression of hrp genes in X. c. pv. campestris was determined after growth in 
vitro and found to be induced in a minimal medium with sucrose and/or fructose 
as carbon source. No expression occurred in complex media or with high 
concentrations of organic nitrogen (Arlat etal. 1991). tn X. c. pv. vesicatoria, 
expression of the six hrp loci is induced in the plant but cannot be efficiently 
induced in the synthetic media tested so far. However, culture filtrates of sterile 
tomato celt suspension cultures (called TCM) induced expression of the six hrp 
loci in X. c. pv. vesicatoha whereas the basal Murashige-Skoog culture medium 
did not. The inducing factor(s) could only partially be purified from TCM and was 
found to be smaller than 1000 dalton, heat-stable, organic, and hydrophiiic 
(Schlilte and Bonas 1992a). De novo transcription of all hrp foci occurs rapidly 
within 1 h after transfer of the bacteria into TCM (S. Fenselau and U Bonas, 
unpublished). A minimal medium was designed which would not suppress hrp 
gene induction. This medium, called XVM1, induces the hrpF locus (Fig. 1A) to 
high levels and differs from the other media described above, in particular by its 
low concentration in phosphate. Both sucrose and methionine are needed for 
efficient induction. It is not known whether a plant factor is necessary for 
activation of the other hrp loci, or if the XVM1 medium still lacks components or 
contains them in suppressing amounts (Schulte and Bonas 1992b). 



6.5 Erwinia and Pseudomonas solanacearum 

The hrp genes of Erwinia arnyfovora are rapidly induced in the non-host r tobacco, 
and more slowly in the host, pear. Several loci were induced in minimal medium 
with mannitol as a carbon source. Induction was suppressed by high concen- 
trations of nitrogen and by glucose and was slightly temperature dependent (Wei 
etal. 1992b). 

in A solanacearum, the hrp cluster was also induced in host and in non-host 
plants, as well as in minimal medium. The best carbon sources for induction of 
four of the six transcription units were pyruvate and glutamate while, as in other 
bacteria, casamino acids suppressed induction (Arlat et al 1992}. The two 
rightmost /irptranscription units (5 and 6; fig. 1 B) are coostitutively expressed but 
can be induced under certain conditions {Gehih et ai. 1992). 

The only other gene reported to regulate top gene expression is hrpBirom P, 
solanacearum. The gene is part of the hrp cluster and appears to be a member of 
the AraC family of positive regulatory proteins. Interestingly, hrpB is related to virF 
of Yersinia (Cornelis et al. 1989; Geimin et ai. 1992}. The hrpB gene positively 
regulates four of the six hrp \oc\ t as well as the popA locus, located outside of the 
hrp duster which encodes a protein secreted in a Hrp-dependent way (see above; 
Arlat et al 1994}. Whether the HrpB protein binds directly to hrp promoters is not 
yet known. 

At this time one can only speculate whether the regulatory systems for hrp 
gene expression employed by P. solanacearum and P syringae are really different 



94 U. Bonas 



or whether there is a global regulatory network thus allowing the fine tuning of 
gene expression in response to environmental cues. In conclusion, most hrp ioci 
from different bacteria are inducible in e particular minimal medium. At this time 
rt cannot be ruled out that stimulation of hrp gene expression involves specific 
plant factors as was described for the virulence genes of Agrobacterium (Winans 
1992). Since the composition of the nutrients available to the pathogen in the 
plant is not known one can only speculate that the conditions described above 
reflect the situation in the plant. It is noteworthy that the in vitro culture will only 
mimic the dynamic nutritional situation that bacteria experience in their inter- 
action with a plant for a short time. In mammalian bacterial pathogens, the 
expression of genes involved in virulence is also regulated in response to 
environmental cues rather than to specific host molecules. This subject has been 
reviewed recently (Mbjalamos 1 992 and in accompanying chapters), and I will only 
mention some important factors. In Yersinia, the wr and for genes are regulated by 
low calcium (low calcium response genes; Straley et aL 1993) and by 
temperature {Cormelis et aL 1989; see chapter by Cornell). A calcium effect has 
not been described for any plant bacterium, in our laboratory no effect of calcium 
on hrpF gene expression in XVM1 was observed (Schulte and U. Bonas 
unpublished). Expression of invA of & typhimurium of the mxi and ipa genes of 
Shigella is affected by osmolality and the later genes also by temperature (Galan 
and Curtiss 1990; Hal£ 1991). 
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